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ABSTRACT
Sediment dynamics in a partially mixed, microtidal estuary are classically thought 
to be due to gravitational circulation, which results in landward transport of suspended 
sediment and convergence of sediment along a density-controlled estuarine turbidity 
maximum, or ETM. Suspended sediment transported to the ETM is thought to converge 
and settle at the nose of the turbidity maximum. However, recent work indicates the 
presence of secondary turbidity maxima (STMs) in some estuarine systems. When 
present, these STMs should have their own pool of easily resuspendable sediment 
associated with them, and if found downstream of the ETM, might act as a local trapping 
mechanism for oceanic sediments brought into the estuary via gravitational circulation.
The York River estuary and the upper Chesapeake Bay were chosen to study 
depositional centers associated with multiple turbidity maxima in partially-mixed 
estuaries, and to determine the nature of coupling of fine grained sediment between the 
water column and seabed. A series of cruises in 2002 were undertaken to determine the 
location, nature and migration of the ETM and STMs in the York River estuary and to 
compare them with suspended and bottom sediment dynamics within that estuary. 7Be
234was used as an indicator of recent deposition of the estuarine sediments, and Th was 
used as an indicator of particle histories. Six cruises were performed in 2001 and 2002 to 
profile similar processes in the upper Chesapeake Bay. Data indicate that in addition to a 
classical ETM, multiple STMs exist in the York River, some of which are depositional in 
nature. Suspended sediment dynamics are closely tied to water column dynamics.
Bottom sediment dynamics are also linked to water column processes, but the seabed 
does not respond as quickly to ETM and STM migrations, resulting in a lag-time between
these migrations, and the corresponding movement of their seabed depositional centers. 
Suspended sediments responded faster to ETM/STM migrations, with the result that 7Be 
activities of suspended sediments do not always reflect surface sediment activities 
beneath them. Chesapeake Bay data also indicate the presence of multiple ephemeral 
turbidity maxima and associated coupled depositional centers. Significant 7Be was not 
restricted only to regions just downstream of the turbidity maxima, but was confined to
'I a
regions near it. Insufficient Th was detected to further constrain specific particle 
histories of either system. The migratory nature of the turbidity maxima and their 
associated depositional zones complicate the simple pattern of estuarine circulation and 
deposition. This has important implications for the transport and fate of fine sediments in 
estuarine systems.
Heidi M. Romine 
SCHOOL OF MARINE SCIENCE 
COLLEGE OF WILLIAM AND MARY IN VIRGINIA
Documenting the suspended and bottom sediment dynamics of a two 
estuarine turbidity maximum system using 7Be and 234Th
INTRODUCTION
Sediment dynamics in a microtidal, partially mixed estuary are classically thought 
to be controlled by gravitational circulation, resulting in landward transport of suspended 
sediment and convergence of sediment along a density-controlled estuarine turbidity 
maximum. The estuarine turbidity maximum has been defined as a region of elevated 
suspended material concentration that occurs at the landward-most intrusion of saltwater 
in an estuarine system (Postma, 1967; Geyer, 1993). Gravitational circulation driven by 
along-estuary baroclinic pressure gradients has long been considered the primary 
mechanism for landward transfer of fine sediment in the water column to this turbidity 
maximum. The fine sediments are though to converge and settle at the leading edge of 
the salt intrusion (Postma, 1967; Dyer, 1973; Festa and Hansen, 1978).
In recent years, there has been a growing interest in understanding the processes 
that affect suspended sediment dynamics and deposition in estuarine systems. Traditional 
paradigms of estuarine circulation are being modified to account for new theories and 
observations. Specifically, secondary turbidity maxima have been described in several 
estuarine systems, but their role in the dynamics and distribution of suspended and
n
bottom sediments is still not fully understood. Short-lived radionuclides such as Be and 
234Th may prove invaluable for fully understanding sediment behavior in these complex 
systems. This study seeks to better understand the suspended sediment dynamics of the 
two ETM system of the York River, VA, and to determine the distribution of erosional 
and depositional zones in the bottom sediments in this system. The resulting conceptual 
model is then applied to another estuarine system, the upper Chesapeake Bay, MD, in 
order to test its applicability. As many particle-reactive substances are associated with
2
particle surfaces in much the same manner as 7Be and 234Th, the results of this study will 
also lead to a better understanding of sediment transport and distribution in an estuarine 
system.
Objectives
The major objective of this study is to determine the effects of short-term 
deposition and erosion processes on suspended sediment transport in the York River, 
Virginia, a partially mixed sub-estuary of the Chesapeake Bay. A secondary objective is 
to compare these dynamics with similar depositional and erosional zones in another 
estuarine system, the upper Chesapeake Bay, Maryland, in an attempt to generalize the 
results. This study has important implications for ecosystem structure and function, as 
well as contaminant transport and fate, as many compounds, such as organic matter,
n
nutrients and metal contaminants, are reactive to particles in a manner similar to Be and 
234Th, the particle tracers used in this study.
Previous researchers have utilized the radioactive tracers 7Be and 234Th to 
determine short-term sediment accumulation rates, flood sedimentation rates, and the 
effect of biology on particle scavenging (e.g. Tanaka et al., 1983; Canuel et al., 1990; 
Sommerfield et al., 1999). More recently, Feng et al. (1999a,b) used activity ratios of 
234Th and 7Be to trace particle dynamics and sources throughout the Hudson River
934secondary estuarine turbidity maximum zone. Particles that scavenge Th from higher
9 3 4salinity portions of an estuary have higher inventories of excess Th than do particles 
scavenging from lower salinity areas of an estuary (Kaufman et al., 1981; Maeda and 
Windom, 1982; Carroll and Moore, 1994; Feng et al., 1999a,b), making 234Th a
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potentially powerful indicator of particle history. Together, these short-lived 
radioisotopes can be used to indicate the movement of suspended sediment. Activities in 
the bottom sediments can be correlated with suspended sediment concentrations to 
indicate estuarine erosional and depositional regions (Dibb and Rice, 1989a).
BACKGROUND
Previous Work -  Estuarine Dynamics and Paradigms
Building on models first developed by Pritchard (1956), Nichols and Biggs (1985) 
described the movement of fine suspended sediment in estuaries along a conveyor belt of 
baroclinic circulation. Suspended river sediment meets sediment carried by the landward 
intrusion of seawater, where flocculation, coagulation and settling occur. Freshwater 
flow carries some sediment further downstream where increased mixing and salinity 
further enhance these processes. Near-bed gravitational circulation transports settling 
sediment landward, back to the highly turbulent and turbid zone where river water meets 
seawater -  i.e., the estuarine turbidity maximum (ETM) (Figure 1). The intensity and 
strength of the ETM depends on the settling velocity of the sediment, the amount of 
sediment introduced at both the ocean and river sources and the overall strength of 
estuarine circulation (Postma, 1967; Festa and Hanson, 1978). The result is an estuary 
with mud accumulation in the low-energy environment just downriver of the ETM, 
bordered up- and downstream by higher energy, sandy deposits (Postma, 1967; Dyer, 
1973; Nichols and Biggs, 1985).
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Recent Work -  Estuarine Dynamics
More recently, authors have challenged these paradigms of sediment transport 
processes in the context of macrotidal estuaries. Early work by Wellershause (1981) 
indicated that ETM location depends not only on horizontal convergence, but also on 
tidal velocities and spatial distribution of erodable sediments. Uncles et al. (1985) 
indicated that tidal pumping of sediment in macrotidal estuaries results in significant 
long-term, longitudinal transport of suspended sediments. Forces other than gravitational 
circulation controlling both water column transport of fine sediment and the location of 
the ETM were studied in the Gironde estuary by Grabemann and Krause (1989). Here, 
suspended sediment concentrations in the ETM vary greatly with tidal cycles as a result 
of resuspension processes. Feng et al. (1999b) described the seasonal migration of the 
ETM and several-meter-thick layers of sediment being resuspended and moved 10’s of 
km in the Hudson River estuary by tidal forces.
Sediment is held in suspension by the opposing balance between gravitational 
settling and turbulent mixing. Reduced mixing results in the settling of sediment (Dyer, 
1986). Interaction of the tide and the along-channel density gradient results in tidal 
straining (Simpson et al., 1990). Ebb tides advect fresher water over saltier water, 
increasing stratification and dampening near-bed turbulence. In contrast, flood tides 
bring salty water back up-estuary, reducing stratification and enhancing near-bed 
turbulence, resulting in enhanced suspension and the landward movement of sediment. 
Geyer (1993) stated that suppression of turbulence by ebb stratification leads to a rapid 
sinking of flood tide-carried sediment at the landward end of the salinity intrusion, 
concentrating sediment and resulting in an ETM. Available pools of resuspendable
5
sediments may enhance this effect, as they are preferentially re-suspended and deposited 
by the afore-mentioned tidal asymmetry (Allen et al., 1980). Thus, the location of the 
ETM and transportation of fines in a macrotidal estuary may depend more on tidal 
asymmetry and the spatial distribution of erodable sediments, than on classical 
gravitational circulation.
Recent Work -  Secondary Turbidity Maxima
Researchers have documented multiple peaks of suspended sediment in some 
estuaries, likely related to the above-mentioned processes. Two peaks of suspended 
sediment have been described in the Patuxent estuary, with the upper coinciding with the 
extent of saltwater, and the other related to a downstream channel constriction (Roberts 
and Pierce, 1976). Biggs et al. (1983) noted multiple peaks of suspended sediments in 
the Delaware River estuary, though he could not determine their cause. Doberiener and 
McManus (1983) suggested that in the Tay, suspended sediment peaks varied in response 
to river runoff and might be due to wind induced wave activity. Jay and Musiak (1994) 
noted three separate peaks of suspended sediment in the Columbia River estuary, with 
two being near the freshwater/saltwater interface. The third was located further 
downstream and appeared to be related to tidal channel constrictions.
In their observations of suspended sediment concentrations and associated 
sediment transport model, Lin and Kuo (2001) noted two peaks of suspended sediment in 
the York River estuary in response to varying freshwater input to the estuary. In addition 
to the ETM at the freshwater/saltwater interface, they described a secondary turbidity 
maxima, or STM, that generally resided in the transition zone between well-mixed
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upstream and more stratified downstream waters (Figure 2). This ephemeral STM 
associated with stratification moved back and forth between 20 and 40 km upstream from 
the river’s mouth in response to river discharge. Lin and Kuo proposed that the location 
and intensity of the STM was dependent on several processes:
• At both 20 km and 40 km upstream from the mouth, the river exhibits 
convergence of bottom residual flow, as the bathymetry transitions sharply from 
deeper to shallower;
• Tidal asymmetries and the higher volume of sediments suspended on flood versus 
ebb result in a net landward transport of sediment;
• The inhibition of turbulent diffusion by stratification processes is dominant during 
ebb tides;
• Bottom resuspension of highly porous, easily resuspendable sediments occurs in 
this region.
Radionuclides
Application of 7Be and 234Th in estuaries has emerged as a powerful tool for 
understanding recent depositional and erosional events. With their short half-lives (53.3 
days and 24.1 days, respectively) and highly particle-reactive nature, these isotopes are 
useful tracers for understanding particle dynamics.
7Be -  7Be is a naturally occurring radioisotope with a half-life of 53.3 days, and is formed 
in the upper atmosphere by the cosmic spallation of O and N (Arnold and Al-Salih, 1955; 
Lai et al., 1958; Dutkiewicz and Husain, 1985). Specifically, cosmic rays strike the
7
earth’s atmosphere, colliding with the nuclei of nitrogen, oxygen, and other gasses, 
causing nuclear reactions. 7Be is one of the by-products of these reactions (Arnold and 
Al-Salih, 1955; Feely et al., 1989). The magnetic field of the earth deflects incoming 
cosmic rays to the poles, so the production of these cosmogenic nuclides is highest in 
high latitudes and lowest at low latitudes. In addition, collisions in the upper levels of the 
atmosphere attenuate the radiation, resulting in higher rates of production per unit mass 
of air higher in the atmosphere (Feely et al., 1989). Thus, the production rate is maximal 
in the stratosphere at about 20 km and decreases exponentially with decreasing altitude 
(Lai and Peters, 1967; Dutkiewicz and Husain, 1985; Dibb, 1989; Feely et al., 1989;
Todd et al., 1989). Though most of the atmospheric production of 7Be occurs in the 
stratosphere, deposition of the isotope predominantly is delivered by the troposphere via 
precipitation (Dutkiewicz and Husain, 1985; Feely et al., 1989; Todd et al., 1989;
n
Baskaran, 1995). Since production of Be in the troposphere is very low, without
n
stratospheric input the troposphere would be quickly depleted of its Be (Dutkiewicz and 
Husain, 1985; Feely et al., 1989; Todd et al., 1989). The stratospheric source of 7Be is a 
dominant component of the eventual flux of 7Be to the earth’s surface. The source occurs 
during stratosphere-troposphere mixing events, primarily in the early spring, when the 
tropopause thins and folds, enhancing gas exchanges between the two layers. Most 
thinning and mixing occurs in the late spring and occasionally in the late summer, is most 
common at mid-latitudes, and results in a strong seasonal cyclicity in Be concentrations 
in the troposphere and flux to the earth’s surface (Dutkiewicz and Husain, 1985; Olsen et 
al., 1986; Dibb, 1989; Feely et al., 1989; Todd et al., 1989; Canuel et al., 1990; Baskaran 
1995; Kim et al., 2000).
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Once formed, 7Be is rapidly scavenged by aerosols and is deposited to the earth’s 
surface via both precipitation scavenging and by dry deposition (Olsen et al., 1985; Dibb, 
1989; Canuel et al., 1990). Dry deposition is difficult to measure, but is estimated at 
being less then 30% of the total flux in humid regions, and varies locally (Olsen et al., 
1986). Once deposited, the highly particle-reactive nature of 7Be results in it being 
quickly sorbed to inorganic suspended particles by cationic adsorption processes (Bloom 
and Crecleius, 1983; Olsen et al., 1986; Dibb, 1989; Dibb and Rice, 1989b; Todd et al., 
1989; Canuel et al., 1990). Sorption of 7Be to particles appears to increase with 
increasing salinity (Dibb and Rice, 1989a,b; Todd et al., 1989; Feng et al., 1999b). The 
presence of biological activity, such as phytoplankton blooms, appears to retard the 
sorption of 7Be to particles (Dibb, 1989; Dibb and Rice, 1989b).
234Th -  234Th in estuaries is produced from the decay of dissolved 238U in the water 
column (Santschi et al., 1979; Kaufman et al., 1981; Feng et al., 1999a,b; Quigley et al.,
9^ 82001). U is released to solution from the chemical weathering of continental rocks and 
is then complexed with carbonate and dissolved organics (Langmuir, 1978; Swarzenski 
and McKee, 1998; Feng et al., 1999a). In oxic seawater, 238U is present as the stable 
uranyl carbonate species U0 2 (C0 3 )34", with a residence time estimated from 200,000 to 
400,000 years (Sarin and Church, 1994; Cochran et al., 1986).
238 238Behavior of U in estuaries is generally considered to be conservative, with U 
increasing with increasing salinity (Borole et al., 1977; Ku et al., 1977; Martin et al., 
1978; Borole et al., 1982; Toole et al., 1987; Feng et al., 1999; Windom et al., 2000). In 
a study of fifty rivers and eight estuaries, Windom et al. (2000) found 238U to behave
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conservatively in forty-nine of the rivers, and in seven of the estuaries. In the Savannah 
River estuary, Windom et al. (2000) found that 238U behaved non-conservatively in that 
extensive removal of 238U due to anaerobic, microbially mediated processes occurred in 
the estuary’s vast salt-marsh region, and Church et al. (1996) noted similar processes in 
the Delaware estuary, also resulting in similar, non-conservative behavior. Non­
conservative behavior related to changes in oxidation-reduction reactions depending on 
water column oxic and anoxic conditions has also been observed in the Forth estuary 
(Toole et al., 1987), the Ganges/Brahmaputra system (Carroll and Moore, 1994), the 
Amazon system (McKee et al., 1987; Swarzenski et al., 1995; Swarzenski and McKee, 
1998) and in the Chesapeake Bay (Sarin and Church, 1994; Shaw et al., 1994). 
Additionally, 238U has a strong affinity for organic particles, and phytoplankton blooms 
have been shown to increase the removal of U from the water column, resulting in non­
conservative behavior (Tanaka et al., 1983; Shaw et al., 1994; Gulin, 2000). Despite
238these complexities, all estuaries studied to date exhibit increases in U with increasing 
salinity (Feng et al., 1999a,b).
238U ’s immediate daughter, 234Th, is highly particle reactive, and its fate is 
directly linked to the fate of fine particles (Santschi et al., 1979; Kaufman et al., 1981; 
Cochran et al., 1986; Feng et al., 1999a,b; Porcelli et al., 2001). Once formed in the 
water column, 234Th is quickly scavenged onto particles, and thus is commonly found in 
excess of its parent 238U in estuarine suspended and bottom sediments (Aller and 
Cochran, 1976; Fisher and Teyssie, 1987; Baskaran et al., 1992; Guo et al., 1995; Feng et 
al., 1999a). This excess 234Th can be considered unsupported 234Th and subtracted from 
Th supported by parent, U, in the sediments in question. Most of the excess Th is
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in the particulate form (Moore, 1992; Guo et al., 1995). Various authors have reported 
residence times of 234Th in estuaries with respect to scavenging from solution onto 
particles as ranging from only 1.4 days in the water column of Long Island sound to only 
4 to 5 days in the Amazon River estuary (Aller and Cochran, 1976; McKee et al., 1987). 
Santschi et al. (1979) suggested the removal behavior of Th isotopes was controlled by 
suspended sediment concentrations and resuspension rates in the Amazon River estuary, 
thus indicating that 234Th was a powerful indicator of movement of these particles in an 
estuarine system. The concentration of 238U varies with salinity such that particles that 
scavenge 234Th from higher salinity portions of an estuary generally have higher 
inventories of excess 234Th than do particles scavenged from lower salinity areas of an 
estuary (Kaufman et al., 1981; Maeda and Windom, 1982; Carroll and Moore, 1994;
Feng et al., 1999a,b).
HYPOTHESES
Where a single ETM is associated with the transition from brackish to freshwater, 
it is hypothesized that mobile sediments transported along the estuary from both upstream 
and downstream are moved to the ETM and deposited downstream of it. The ETM bed
1 234sediments are muddy in nature, with high porosities and high Be and Th activities and 
inventories. Suspended sediments reflect the nature of the seabed beneath them (Figure
3).
During ETM/STM conditions, it is hypothesized that a secondary turbidity 
maximum associated with an along-channel decrease in stratification found downstream 
of the ETM should act as a local trapping mechanism. Most sediment seaward of the
11
STM being carried along the estuary via gravitational circulation from saltier areas 
should be trapped within the STM and deposited just downstream of it (Figure 3). The 
depositional area associated with an STM should thus be composed primarily of high 
porosity, muddy sediments recently exposed to salty water, with significant 7Be and 234Th 
activities and inventories.
The muddy, highly porous primary ETM depositional zone will still exist, but will 
be composed primarily of sediments from fresher regions upstream and sediments 
resuspended from an erosional zone between the ETM and STM (Figure 3). This 
erosional zone is relatively fresh and thus will produce insignificant 234Th activities. The 
sediment in this erosion zone should be composed primarily of older bed material, with
1  9 ^ 4.initially low Be activities and inventories, insignificant Th activities and inventories, 
low porosity, and higher sand content. The sediment captured in the ETM will also have 
low vBe if its exposure to the water column during upstream transport is brief.
STUDY AREA
York River
With a spring tide range of less then two meters (Schaffner et al., 2001), the York 
River is strictly defined as a microtidal estuary (Figure 4). It is formed at the conjunction 
of two major tidal freshwater tributaries: the Pamunkey and Mattaponi Rivers. The 
processes involved in sediment transport in the York River appear through recent 
investigations to deviate from classical models of partially mixed, microtidal estuaries. 
Rather, it acts more like a tidally energetic estuary, especially in the formation of the 
ETM (Friedrichs et al., 2000; Lin and Kuo, 2001).
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The primary ETM is located in the spatially constrained, high-energy, mid-to 
upper areas of the river (Schaffner et al., 2001). Recent work by Scully and Friedrichs 
(2003) indicates that the York River can exhibit tidally averaged, landward suspended 
sediment flux near the bed, even when there is no corresponding landward mean velocity. 
This indicates that the ETM might be at least partly the result of the tidal asymmetries 
described above, rather than solely as the result of gravitational processes (Geyer, 1993; 
Simpson et al., 1990). This idea is supported by the existence of multiple ETMs, which 
appear to be the result of tidal asymmetry and stratification variation (Friedrichs et al., 
2000; Lin and Kuo, 2001).
Chesapeake Bay
The partially mixed, upper Chesapeake Bay, MD (Figure 5) is the location of the 
freshwater-saltwater interface for the Chesapeake Bay estuary system, the largest such 
system in the USA. This interface is the limit of saltwater intrusion into the Bay system, 
and has been closely correlated with the presence of an estuarine turbidity maximum.
This ETM was first documented by Schubel (1968) and has been further documented by 
several studies (Schubel and Biggs, 1969; Biggs, 1970; Schubel, 1971; Sanford et al., 
2001, 2003; Ellis, 2002; Friedrichs et al., 2003). The ETM location appears to vary 
between latitudes 39° 10’N and 39° 28’N (Sanford et al., 2001).
Sanford et al. (2003) concluded that the convergence of estuarine circulation at 
the limit of salt is not the primary mechanism for maintaining in the Chesapeake Bay 
ETM. Rather, this convergence and its associated salinity structure result from strong 
tidal asymmetries in sediment resuspension and transport that collect and maintain a
resuspendable pool of rapidly settling particles near the salt limit. Most recently, 
Friedrichs et al. (2003) have associated both the ETMs and the STMs in the upper 
Chesapeake Bay with seasonally migrating, easily suspendable muddy deposits.
M ETHODS
York River
Profiling -  Water column profiles of temperature, conductivity, salinity and suspended 
sediment were collected at stations located every five kilometers along the York River 
channel, beginning 20 km from the river mouth, and continuing until the 
freshwater/saltwater interface (Figure 4). The stations were originally designed to end 
approximately 70 km upstream, at the traditional furthest extent of the saltwater intrusion. 
Due to the near-drought conditions, stations were extended to reach 100 km from the 
river’s mouth, where an impassable bridge prevented further sampling. A total of 
seventeen cruises were analyzed over the sampling period.
Profiles were made at peak tidal stages, and an attempt was made to capture a full 
compliment of ebb/flood, and spring/neap cycles. As longer cruises became necessary, it 
was no longer possible to keep exactly at peak flood or ebb for the entire cruise. As such, 
cruises were timed to begin just before the max tidal stage, and to end just after. Profiles 
were made once a week at the beginning of the sampling season, and twice a week near 
the end of the sampling season in an attempt to make up for cruises lost to equipment, 
vessel or weather complications.
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Conductivity, temperature and salinity measurements were made using either a 
MicroCTD (conductivity-temperature-depth) profiler, or a 663CTD profiler. The 
MicroCTD was preferred for its ease of use, and the superiority of data it collected; 
however, when unavailable, the 663CTD was utilized. Suspended solid measurements 
were taken with an optical backscatter sensor (OBS). The OBS was connected directly to 
the MicroCTD or to a laser in-situ scattering transmissometer (LISST), and provided 
measurements of suspended solid concentration. OBS and LISST measurements were 
calibrated from TSS samples collected at two different stations during every cruise.
Instruments were secured onto a small metal profiler frame and were lowered via 
electric winch to the bottom of the channel. Once at the bottom, they were raised 1 
meter, and then left for 1 minute or longer while data were collected. If real-time OBS 
data indicated that the bottom was stirred up by the instrument touching the bottom, the 
instrument was suspended until the concentrations went down, or only the down-profile 
was used.
Data were collected using a variety of software, depending on the vessel and 
equipment used on a particular cruise, and included ProComm, Smart Talk, and LISST 
instrument software. Descriptions of all cruises performed are presented in Table 1. All 
data were calibrated and plotted in Excel and MATLAB.
Bottom Sediments -  Bottom sediments were collected initially at every other water 
column station, during every week of sampling. As the number of stations visited 
increased due to the increasing length of the cruises, sampling at every station was 
dropped in favor of every two stations, and then to sampling within a region of the river 
(i.e., within the ETM or STM zone) on each cruise. This decision was made in light of
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demands on radioisotope detector availability. A total of thirteen cruises were performed 
over the sampling period, and 69 seabed samples were collected for both surface and 
inventory analysis. Dates and descriptions of all cruises are presented in Table 1.
Sediments were collected via a Smith-Macintyre grab device. The Smith-Mac 
was chosen because of its ease of use and its ability to capture an undisturbed sediment- 
water interface. Once retrieved, each grab was sub-sampled with four 5-inch diameter, 
Plexiglas core tubes. The top centimeter from three of the tubes was collected and 
homogenized to create a surface sample. The top 5 centimeters of the fourth tube was 
collected and homogenized to create an inventory sample. All samples were stored on 
ice until returned to the laboratory for analysis.
Sediment sample analysis included water content, grain size and radioisotope 
activity for all samples collected. Porosity was derived from the water content of the 
sample as described in Sanford et al. (1990) and Officer et al. (1984). Wet-sieve and 
pipette analysis, as described by Komar and Cui (1984), was also performed for all 
sediment samples to obtain sand/silt/clay ratios.
The remaining sediments from the 1 and 5 cm samples were each packed into
j  234petri dishes at a consistent geometry, and Be activities and excess Th activities were 
determined by gamma spectrometry using an intrinsic planar geranium detector for at 
least 24 hours to ensure a full reading of the activities as described below.
Channel Spatial Variation -  In order to use 7Be and 234Th as indicators of deposition 
events and particle histories, it was important to determine if fluctuations of these 
activities were due to small-scale spatial variations. Prior to the start of the sampling
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season, four stations were selected to represent all of the major water column regimes 
(ETM, STM and in-between zones). The RAf Coot was anchored at each of these four 
stations, and four separate grabs were taken at the same station while the vessel drifted at 
anchor. Bottom sediments were collected and analyzed for 7Be and 234Th activities and 
inventories as described above to test for local variations.
Suspended Sediments -  Depending on time and weather conditions, a single suspended 
sediment sample was collected for radioisotope analysis on every profiling cruise. 
Samples were collected one meter above the bottom; sample locations and associated 
water column dynamics can be found in Table 1. Exact sample locations depended on 
the nature of the river (ETM or ETM/STM conditions), previous sampling locations, tidal 
activity, and weather considerations. Samples were collected on-board via a submersible 
pump, and immediately filtered through Millipore Durapore 0.65 jam membrane filters. 
Three separate filtration housings ran in parallel to enhance the speed of filtration, and 
details on this methodology can be found in Appendix A. Filters were wrapped in 
aluminum foil and stored on ice until returned to the laboratory. Sediment was removed
n
from the filters via sonication. Retrieved samples were dried, pulverized, and Be 
activities and excess 234Th activities determined by gamma spectrometry as described 
above.
Chesapeake Bay
Profiling -  The location and nature of the Chesapeake Bay ETM was determined as part 
of the NSF-funded BITMAX study in May, July and October of 2001 and 2002 (Ellis,
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2002; Friedrichs et al., 2003; Sanford et al., 2003). Water column profiles of the upper 
Chesapeake Bay, including its ETM, were graciously provided to the author by L. 
Sanford and E. North from the Horn Point Lab of the University of Maryland. Methods 
employed in water column profiling in the Chesapeake Bay are provided in Sanford et al. 
(2003).
Bottom Sediments -  Bottom sediments were collected in May, July and October 2001 and 
2002 in the same manner as described above for York River bottom sediments, with one 
exception. A separate sub core was used for water content and grain size analysis, and 
was sliced into 1 cm increments. The top 5 cm of data were combined to create the 
inventory grain-size and porosity measurements.
Stations were located along the Chesapeake Bay estuary, beginning at 4 km from 
the head of the estuary, near the ETM, and extending a total of 13 km from the head of 
the estuary (Figure 4). Samples were taken not only from the river channel proper, but 
also from the adjacent shoals. Only channel data are used in this study.
Suspended Sediments -  Suspended sediments were collected aboard the R/V Cape 
Henelopen at one station within the ETM during the 2002 sampling season for two days 
in May, two days in July, and one day in October. Samples were collected in the same 
manner as described above for the York River. Samples were collected over a period of 
several tidal cycles, but were analyzed as either flood or ebb, depending on where in the 
tidal cycle the actual filter was collected. In addition to isotopic activities, grain-size
analysis was performed on a portion of the retrieved suspended sediments both in May 
and in July.
Isotope Analysis
Be inventories, I, for the five-centimeter samples were calculated by first 
normalizing the activities to sediment weight and then by applying the following 
equation:
I  = (Aips( l-(p))*5 Equation 1
where Ai is the specific activity, ps is the average particle density and (p is porosity (Dibb 
and Rice, 1989b). 234Th excess inventories, I, were calculated in an analogous manner. 
Total Th (excess and supported) was counted immediately after sampling. Excess 
234Th was determined by recounting the sample approximately 4.2 months (six half-
234 234lives), after the initial count to get a measure of the supported Th. The supported Th 
was then subtracted from the total 234Th to determine the excess 234Th.
The goal of using 234Th/7Be ratios was to derive the particle histories of sediment 
analyzed to account for the various inputs of the radionuclides to the system, thus 
enabling one to use the isotopes as tracers of sediment dynamics. However, due to the 
lack of significant 234Th in both the York River and upper Chesapeake Bay systems, 
isotope ratios were not calculated for this study.
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RESULTS
York River
Salinity -  A time series of salinity along the estuary averaged over the water column 
(Figure 6a) shows salinity increased steadily over the course of the sampling season, with 
the 20km station recording a salinity of 21.52 psu on May 20, and a salinity of 24.02 psu 
on September 30. Important to note is a slight freshening of the estuary near August 5 
and September 3, 9 and 10, when the river experienced short-term increases in river 
discharge (Figure 7), generally in response to increased precipitation (Figure 8).
Figure 6b presents an along-estuary time series of stratification, represented as the 
difference between the near-bed and near-surface salinities. The estuary was initially 
more stratified near the mouth, and became more well mixed near the ETM (May 20 -  
June 17). However, with the decrease in freshwater input, stratification and 
corresponding significant differences between surface and bottom waters also decreased. 
Stratification exhibited minor increases around days August 5 and September 3, 9, and 10 
in response to the discharge events described above.
Suspended Sediment -  A time series of total suspended solids (TSS) concentrations (in 
log milligrams per liter) both one meter below the surface and one meter above the 
bottom along the estuary is presented in Figure 9. Overall, concentrations of TSS near 
the bottom were much higher than TSS near the surface. Three main patterns of TSS 
distribution can be observed: 1) Close to the head of the estuary, a TSS peak near the 
bottom was frequently accompanied by a surface TSS peak, reflecting a classical ETM 
(Figure 9). Examples of this were seen at the 60 km station on day May 20, at the 80 km
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station on day June 6 and at the 85 km station on June 18 and 24. 2) In the lower estuary, 
peaks of TSS near the bottom were generally not accompanied by major surface peaks, 
reflecting stratified STMs (Figure 9). Examples of this were seen at the 25-45 km 
stations on days June 6, 17, 18, 24 and August 6 and 20. 3) A third pattern of mid­
estuary TSS peaks can be discerned later in the time series, around the 55-80 km stations 
beginning on August 5. These peaks were very high at the bottom and were often 
pronounced near the surface as well. Particularly high surface concentrations were found 
on August 20 at the 65 km station, and on September 23 from the 65-100 km stations. 
These cases are termed the non-stratified STM in Figure 9.
Suspended Sediment Isotope Activities -  Specific activities of Be and Th in suspended 
sediments are presented in Table 2. 7Be activities ranged from less than 0.2 dpm/g to 
greater than 6.4 dpm/g. Overall, samples taken at the same station, but later in the 
sampling season, exhibited an increase in specific 7Be activities. Specific activities of 
excess 234Th in suspended sediments were very low throughout the sampling season, 
generally less than 1.0 dpm/g. Increases in 234Th activity later in the sampling season 
were modest, with the exception of station 85, which showed an increase from 0.38 
dpm/g on June 24 to 2.61 dpm/g on September 24.
Bottom Sediment Isotope Activities/Inventories -  Specific activities and inventories of 
7Be and 234Th are found in Table 3. Overall, surface activities of 7Be exhibited a bimodal 
distribution, with significant activities found between 20 and 45km upstream and then 
again from 75 to 95 km upstream (Figure 10). Three samples had significant inventories,
but there were no significant activities in the surface sediments. These include the 80 km 
station on July 22, the 45 km station on July 29 and the 80 km station on August 26, 
(Table 3).
234Th was absent or very low in most samples. Significant surface sediment 234Th 
activities were found at the 35 km station on March 25 and at the 80 km station on 
September 13 (Table 3). 7Be was not found in either the surface or the inventory of the 
March 25 sample, but was found both in the surface and in the inventory of the 
September 13 sample (Table 3).
Channel Spatial Variations -  Results of the isotope analysis in the four sub-samples of 
the four spatial variation stations are plotted in Figure 11. Of the four stations, only one 
had significant 7Be activities and inventories, and none had significant 234Th. 7Be 
activities and inventories are within error for each sub-sample of each specific station, 
indicating no statistically significant, small-scale spatial variation in isotope activity in 
York River bottom channel sediments.
Bottom Sediment Grain Size Analysis -  Sand, silt and abundances showed a strong 
longitudinal and temporal variation in grain size along the York River channel (Table 4; 
Figure 12). From 20-50 km upstream from the mouth, the river bottom was dominantly 
muddy, with sand making up only, on average, less than 3.5% of the sediment.
Exceptions include the surface of the 30 km station on October 4, with 69% sand, the 
surface and inventory samples of the 35 km station on September 27 (-68%), and the 
surface and inventory of the 40 km station on October 4 (24% and 44%, respectively).
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Station 45 exhibited two changes of grain size. The initial muddy sediment (sand <
3.1%) gave way to sandy sediment on July 29 (-68% sand) and October 4 (-82%  sand). 
The 50 km station was initially muddy (-5%  sand), but gave way to primarily sand on 
July 22, and remained sandy for the rest of the study.
From 55-75 km upstream, the sediments were dominantly sand, averaging 70% 
sand. A major exception to this pattern was station 80, where the seabed varied regularly 
between dominantly sand, to dominantly silt and/or clay. Stations 60, 65 and 75 also 
showed infrequent sediment shifts from sandy to muddy in size. The varying grain size is 
clear in Figure 12, where the samples range from dominantly silt/clay rich to dominantly 
sandy.
In the upper reaches of the river, stations 80 and 85 varied from muddy to sandy 
in nature. Stations 90 and 95 were consistently muddy, with little to no sand-sized grains. 
Station 100, however, was dominantly sandy both in the surface and the inventory 
samples (76% and 86%, respectively), on the day it was sampled. While there is 
variation in the dominant grain size in the upper region of the estuary, it is not as 
pronounced as in the middle region (Figure 12).
Bottom Sediment Porosity -  With few exceptions, porosity remained relatively constant 
at stations along the estuary over the sampling period (Table 5, Figure 13). Stations near 
the lower half of the river (20-45 km) exhibited high porosities, averaging 88%. 
Exceptions in the lower river can be found on at station 35 on September 27, and at 
station 45 on July 29 and October 4, with significantly lower porosities (66%, 73% and 
53%, respectively, Table 5).
23
Porosity tended to decrease upriver, with an average porosity of 56% as calculated 
from Table 5. However, there was a temporal variation in upriver values, as samples 
tended to have higher water content later in the summer (Figure 13, Table 5). For 
example, station 60 became more porous later in the sampling period. Other upriver 
stations did not vary greatly, but this could be due to a lack of sampling rather than a 
specific pattern. Finally, some upriver stations showed varying porosity over the 
sampling period. For example, station 50 showed a decrease in porosity both in the 
surface and inventory samples from 86% to 67% mid-way through the sampling period, 
and then increased again to 85%. Station 70 showed a similar pattern (Figure 13).
Overall, surface samples showed similar or slightly higher porosities than 
inventory samples. Exceptions include station 50 on July 22, station 55 on March 25 and 
station 65 on October 4. All of these stations exhibited significantly higher porosities in 
the inventory samples than in the surface samples (Figure 13).
Chesapeake Bay
ETM/STM Locations -  Plots of salinity and turbidity along the upper Chesapeake Bay for 
the 2001 and 2002 cruises are shown in Figures 14 and 15, respectively. Data from 2001 
was obtained from Ellis (2002). Chesapeake Bay sample numbers and station locations 
for 2002 are presented in Table 6. In May of 2001, two regions of high turbidity were 
evident. The highest turbidity region, the ETM, was located approximately 20 km from 
the river’s head, near the lpsu isohaline, and a secondary maximum, the STM, was 
located approximately 30 km from the river’s head, associated with a stratification
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change near the 3 and 4 psu isohalines. Average concentration was approximately 85 and 
75 nepheloid turbidity units (NTU), for the ETM and STM, respectively (Figure 14).
The ETM had moved further south by the July 2001 cruise and, along with the 1 
psu isohaline, was located approximately 30 km from the river’s head. The concentration 
had also decreased to approximately 55 NTU. No STM was clearly evident on this plot 
in July (Figure 14).
During the October 2001 cruise, the classical ETM was not visible, as the 1 psu 
isohaline is further upriver than the plot extends. However, a weak secondary pulse 
could be seen near the 9 psu isohaline, associated with a change in stratification, near 35 
km downstream. In addition, turbidity overall was greatly reduced, with the STM having 
a concentration of only 20 NTU (Figure 14).
Concentrations of the turbidity maximum region during 2002 were similar to the 
2001 data. However, the location of maximum turbidity resolved by the 2002 cruises 
tended to be even more clearly downstream of the classical ETM. In May 2002, the main 
observed ETM ranged from 25-40 km and was centered around 30 km, in the 3-7 psu 
isohalines, where stratification began to noticeably decrease. The concentration was 
similar to that seen in 2001, averaging over 50 NTU. A weak secondary maximum was 
evident near 40km upstream, and had an average concentration of about 35 NTU (Figure 
15).
In July 2002, the area of highest concentration had moved upstream, and was 
located around 20 km from the river’s head, in the 6-7 psu isohalines. Due to the scale at 
which the 2002 NTU data is plotted, the resolution of the July 2002 ETM concentration is 
the same as the May 2002 concentration -  averaging over 50 NTU. A weak secondary
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maximum was evident near 35 km from the river’s head, associated with a change in 
stratification, and with a concentration of about 30 NTU (Figure 15).
Similar to the situation in October of 2001, in October of 2002 the lpsu isohaline 
was further upstream than the survey extended. Overall turbidity was much lower than 
the other cruises, averaging only around 15-20 NTU near the bottom (Figure 15).
Suspended Sediment Isotope Activities -  Specific 7Be activities for Chesapeake Bay 2002 
suspended sediment samples are plotted in Table 7. There was no significant excess
234Th in any of the samples. All samples except for a May pycnocline sample were 
collected one meter above the seabed. Samples were collected specifically on flood or 
ebb tide, with the exception of the May pycnocline sample, which was collected over a 
period spanning both slacking ebb and strong flood.
The highest 7Be activities were found in the May and July suspended samples. In 
May, specific activities were similar in the flood, ebb and pycnocline samples, as were 
the activities for flood and ebb in October. However, the July samples showed 
significantly higher activities in the flood tide samples than in the ebb tide samples.
Suspended Sediment Fractional Grain Size -  Phi size vs. fractional weight percent for all 
Chesapeake suspended sediment samples for individual tides are plotted in Figure 16. 
Due to insufficient sample collected, fractional grain size measurements were not 
performed for either the May pycnocline sample or for any of the October samples.
In May, the ebb tide sample was overall more poorly sorted than the flood tide- 
samples, (Me values 0.3 vs. 1.95(|), respectively) and was dominated by silt. In contrast,
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the July flood tide sample was more poorly sorted and more silt-dominated than the ebb 
tide sample (Me values 1.0 vs. 1.9<|>, respectively, Figure 16).
Bottom Sediment Isotope Activities/Inventories -  Specific activities and location of 
significant 7Be in both the seabed surface and inventory samples during 2001 and 2002 
presented in Table 8 and are plotted on Figures 14 and 15. Due to sampling constraints, 
only presence and depth of penetration of 7Be is available for the 2001 samples. 2002 
data includes specific seabed surface activities and inventories for all samples collected.
In May of 2001, the maximum penetration of 7Be occurred landward, at stations 
2 , 3 , 1  and 9. 7Be penetrated to 3 cm in three of the four stations. 7Be was also present at 
two additional stations downstream, but with shallower penetration compared to the 
landward samples (only 2 cm deep)(Figure 14).
In July of 2001, the maximum penetration of 7Be occurred again in the landward 
channel stations. 7Be was present in the top three centimeters of station 4, and in the top 
two centimeters of stations 1, 5 and 7. 7Be was present further downstream, but with one 
exception, it was only in the top 1 cm of each sample. The exception was station 14, 
where 7Be penetrated to 3 (Figure 14).
In October of 2001, 7Be was limited in penetration to the top centimeter only, 
with the exception of two stations. 7Be was present in the top two centimeters at station 
6, and to three centimeters at station 9.5 (Figure 14).
The overall trend from May to October 2001 was an overall decrease in the 
maximum depth of 7Be (6 samples with penetration deeper than 1cm in May versus 5 in
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July and only 2 in October) and a seaward shift in the location of the station with the 
deepest penetration.
During the 2002 sampling season, quantitative seabed surface and inventory 
samples were collected, and absolute values are reported in Table 8. In May of 2002, 
significant Be was found in both the surface and inventory samples of stations 9.5, 10,
n
11 and 12. Significant Be was also found in the surface sediments of stations 5, 8 and 
11.5. Despite being beneath the region of highest turbidity, stations 6 and 7 did not have 
significant 7Be in either the surface or the seabed samples (Figure 15). The middle 
stations had the highest specific surface activities (-12 to 46 dpm/g) and inventories (39- 
55 dpm/cm2). Stations 9.5 and 10 had the highest 7Be activities both in the surface and
n
inventory samples of all stations sampled. The two stations that only had Be in the 
surface sediments also had the lowest 7Be activities of all the May 2002 samples (-4  
dpm/g)(Table 8).
In July of 2002, significant 7Be was present both in the surface and inventory of
n
stations 9, 9.5, 10 and 11.5. Be was present only in the surface sediments of stations 5 
and 13. Similar to results gathered in May 2002, two stations directly underneath the 
region of highest turbidity (stations 4 and 6) did not have significant 7Be in either the 
surface or inventory samples. Stations in the middle of the sample area again had the 
highest overall 7Be specific surface activities (-7-19 dpm/g) and inventories (12-55 
dpm/cm2)(Table 8). However, of the two stations with 7Be only in the surface sediments, 
only station 13 had low surface activities similar to the May stations (3.7 dpm/g). Station 
5 actually had the highest surface activities recorded in July (23 dpm/g)(Table 8).
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In contrast to the other two months, October of 2002 had minimal significant 7Be. 
Significant 7Be was found at the surface of station 11.5 only, and in both the surface and 
inventories of station 10 (Figure 15). Specific surface activities were very similar for 
both stations (2.2 and 2.7 dpm/g, respectively)(Table 8), and the inventory sample for 
station 10 was much smaller than that reported for the other two months (3.6 
dpm/cm2)(Table 8). Several of the lower river stations were not sampled during October, 
2002 due to time constraints.
As in 2001, the overall trend in 2002 was a decrease through the season in the 
number of stations with 7Be detectable below 1 cm depth over time (5 in May, 4 in July 
and only 1 in October). In contrast to 2001,in 2002 7Be in bed sediments was generally 
found further seaward of the locations of maximum water column turbidity.
Bottom Sediment Grain Size Analysis -  Upper Chesapeake Bay sediment grain-size 
distribution for 2001 and 2002 is presented in Ellis (2002), Table 9 and Figures 17 and 
18, respectively. Overall, the samples are predominantly silty, with some clay and minor 
amounts of sand.
Data collected in 2001 indicate a seabed composed primarily of clayey silt, with 
minor amounts of sand over the entire study region (Figure 17). Exceptions in May 2001 
include three surface samples from stations 5, 13 and 17, all of which had greater than 
60% sand. Only stations 13 and 17 had a high sand content in their inventory samples.
In July 2001, station 5 contained greater than 60% sand in its surface sample, but not the 
associated inventory sample. None of the samples collected in October 2001 contained
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sand greater than 20%, but the three lower river stations, (12, 13 and 15) all had minor to 
no silt, and were instead composed primarily of clay (Table 9).
Data from 2002 are very similar to those from 2001, but with less variability. 
With only six exceptions, samples collected in 2002 contained less than 20% sand and 
less than 40% clay (Figure 18). In May 2002, stations 4 and 13 both contained 
significantly more sand (Table 9) than the other stations, both in their surface and the 
inventory samples. However, both stations still contained more silt than clay. In July 
2002, stations 11 and 13 contained significantly higher amounts of sand in the surface 
samples, but only the inventory sample from station 13 had greater than 20% sand (Table 
9). In October 2002, stations 11.5 and 13 had greater than 20% sand in their surface 
samples, but not in their seabed inventory samples (Table 9). The lower river stations, 
which showed unusually high clay values in October 2001, were not sampled in 2002, so 
it cannot be determined if those patterns persisted.
Bottom Sediment Porosity -  Chesapeake Bay sediment porosity for 2001 and 2002 is 
presented in Ellis (2002), Table 10 and Figures 19 and 20, respectively. With few 
exceptions, porosity decreases with depth in the sediment core. In addition, porosity 
tends to decrease downriver, away from the ETM and STM zone. May 2002 was an 
exception to the above trends. No clear patterns of porosity longitudinally or with depth 
are apparent in the data (Figure 20).
30
DISCUSSION
York River
Classical ETM Physical Interpretations -  Summary plots of the York River estuary 
turbidity maxima and 7Be activity are plotted in Figure 21a, b, and c. The classical ETM 
is defined as the area of increased suspended sediment concentration associated with the 
saltwater/freshwater interface, as seen in figures of depth averaged salinity (Figure 6) and 
total suspended solids (Figure 9). Sediments are suspended throughout the water column 
in the ETM region (Figure 9), with an average concentration of 250-300 mg/1.
Classical ETM and Seabed Migration -  Water column profiles clearly indicate the 
movement of the classical ETM upstream in response to decreased freshwater discharge. 
Initially noted at 65 km (May 20, Figure 21a), the ETM had migrated up to 95 km by 
June 24. A minor increase in freshwater discharge (Figures 7, 8) pushed the ETM back 
downstream to 90 km by July 30, where it persisted until August 20 (Figure 21b). After 
that date, the ETM was more than 100 km upstream from the mouth, out of range of the 
research vessels.
The depositional bed of the ETM migrated upstream as well. 7Be activities in the 
seabed surface sample at 65km were detectable on May 21 (Figure 21a), associated with 
the active deposition near the ETM at that time. The sediment, though sandy (47% and 
10% in the surface and seabed samples, respectively)(Table 4), was very porous (82% 
and 89%)(Table 5), consistent with recent resuspension (Allen et al., 1980). The next 
cruise, (June 3/4) is distinguished by no significant 7Be either in the surface or the 
inventory of the seabed at the 65 km site. Surface and inventory grain size and porosity
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values are similar to the values sampled before, but this might simply reflect the 
generally sandy nature of that region of the river. Two weeks is not sufficient for the 7Be 
to have been diluted below lower detectable levels by biological mixing, or to have 
decayed below detectable limits; a logical explanation is that the surface centimeter of 
seabed migrated upstream with the migrating ETM.
Two weeks later in early June, the ETM was noted at 80km upstream, and a 
muddy, high porosity sediment was associated with it (Figure 21a). Sediments at 80 km
n
had significant Be activity both in the seabed surface and inventory samples. In 
addition, significant Be activity was noted at 75 km upstream. This might reflect earlier 
deposition at 75 km by an ETM located there as it moved upstream, thus indicating a lag 
time between ETM migration and seabed sediment migration. The seabed surface 
samples at 75km were much lower in 7Be activity than those at 80km (2.3+/'° 7 dpm/g vs. 
8.0+M 6 dpm/g), but the inventory samples were the same within analytical certainty 
(11.5+M 6 dpm/cm3 vs. 10.2+/'21 dpm/cm3), suggesting that the surface centimeter of 
sediment responds faster than the overall seabed. Samples downstream from the ETM 
have consistently lower specific activities than the samples taken at the ETM, reflecting 
the cessation of deposition of 7Be-rich sediments to these regions, and the dilution of the 
remaining 7Be in the sediments via physical mixing and diffusion.
By June 24/28, the classical ETM had migrated further upstream to 95km (Figure 
21a). Sediment data were not available during that migration due to sampling 
constraints; however, at the end of July (29th-30th), increased discharge from a minor 
discharge event (Figures 7, 8) pushed the ETM back down to 90km (Figure 21b), where 
it stayed until the end of August. During August, seabed surface and inventory 7Be
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activities increased, reflecting longer-term active deposition downstream of the ETM 
(Figure 21b). Sediments were consistently muddy and had porosities averaging 92%+/"°2 
during that depositional time (Figures 12, 13).
By the end of July, the ETM had migrated upstream past 100km and was no 
longer accessible (Figure 21c). While the seabed surface and inventory sediments within 
the upper estuary region continued to exhibit high porosities and muddy grain sizes 
(Figures 12, 13) significant 7Be activity was not detected in stations upstream of 65 km, 
with one exception at 80 km. This indicates frequent resuspension, but that the 
resuspension was composed of older sediments, and no new deposition was occurring.
Stratified STM Physical Interpretations -  The stratified STM was defined as the area of 
increased suspended sediment concentration associated with a stratification change in the 
lower York River (Figures 6, 9). Sediment was rarely suspended throughout the water 
column at this STM, due to the dampening effects of salinity stratification acting as a cap 
on resuspension (Figures 6, 9). Concentrations of total suspended solids in the STM were 
120-180 mg/1.
The pattern of migration for the stratified STM was more complicated than that 
for the classical ETM. Previous work has suggested that the stratified STM migrates 
upstream during times of low freshwater discharge and back downstream during higher 
discharge events (Lin and Kuo, 2001). Although our results are generally consistent, this 
pattern was not as clear during this sampling period. Overall, the stratified STM stayed 
around the 40km station (Figure 9, 21a, b, c). It did migrate downstream to the 35 km 
station in response to the end-of July freshwater event that drove the ETM downstream,
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but was back upstream to 40 km by the next cruise -  a faster response than the ETM 
demonstrated (Figure 9, 21b). After the July event, it slowly migrated back up to 40 km 
in response to the decreased freshwater discharge until the middle of September. A 
significant rain event in September then pushed the STM downstream from 40 to 20 km 
over the course of three weeks, where it was when the study ended (Figure 9, 21c).
Stratified STM and Seabed Migration -  Due to the highly migratory nature of the 
stratified STM over the sampling period, the movement of the depositional region is 
difficult to delineate, though certain patterns are apparent. Overall, the seabed from 20- 
40 km was muddy, with high porosities that increase locally when a stratified STM was 
associated with the area (Table 5). The lower estuary region did become sandier over the 
course of the sampling season (Figure 12). This may be due to the winnowing effects the 
tide had on the fine-grained channel sediments in the general absence of stormy weather. 
Strong wave and wind stress on the shoals might otherwise move fine sediment back into 
the deep channel. 7Be was frequently significant not only in the sediments directly 
downstream of a particular stratified STM, but also upstream to some extent. For 
example, on the first cruise, the STM was located at 45 km from the river’s mouth. 
Significant 7Be was present both in the seabed surface and inventory sediments (3.6+/13 
dpm/g and 5.8+/18 dpm/cm3)(Figure 21a). 7Be was also detectable downstream of the 
STM, in the surface and inventory samples of the 35 km station (6.6+/12 dpm/g and 
10.7+/'2 0 dpm/cm3, respectively), and in the inventory samples of the 30 km station (4.1+/‘ 
19 dpm/cm3)(Figure 21a). These patterns suggest the STM migrates faster than the upper 
several centimeters of the seabed can respond.
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Little is known about the water column patterns before the first cruise, yet 
discharge graphs indicate steadily decreasing freshwater discharge in response to 
insignificant precipitation (Figures 7 ,8). The stratified STM was likely migrating upriver 
in response. The surface sediments of the 30 km station appear to have migrated 
upstream, leaving minimal 7Be in the inventory samples. The 35 km station had higher 
activities than the 30 km station, supporting this hypothesis. While the 45 km station did 
have lower activities than the 30 km station, this could simply be due to a lag time in 
sediment migration from the 30 km station to the 40 km station. However, the 40 km 
station did not have significant 7Be in either its surface or inventory samples, which 
would have been expected if the STM was migrating upstream. It is possible that the 
migration of the STM is not constant over time and space. The STM might not have 
spent sufficient time at 40 km to allow deposition of significant 7Be to be detected in the 
sediments.
This pattern was also apparent on cruises on July 30 (Figure 21b) and on 
September 9 and 10 (Figure 21c). While significant 7Be was present in the sediments 
below the stratified STM on both of those cruises, it was also present upstream, but in 
lower activities. This supports the idea that the STM migrates faster than the bed 
sediments down to 1 or 5 cm can respond.
The stratified STM might also have been migrating faster than this sampling 
pattern could discern. Near the end of the sampling season, two cruises were being run 
every week rather than just one. On September 9 and 10, two cruises were run on back- 
to-back days (Figure 21c). The location of the STM varied by 5km between those two 
cruises (40km and 35km, respectively), though the tidal stage during sampling (flood
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tide) remained the same. Since sampling was only designed to take place once a week, 
subtleties of STM migration and concurrent seabed migration might be lost in the longer 
time scales. Tidal variations did not seem as important, as STM location did not appear 
to vary strongly as a function of flood/ebb or neap/spring tidal cycles alone, but rather 
appeared more dependent on freshwater input.
Non-Stratified STM Physical Interpretations -  The non-stratified STMs were defined as 
regions of elevated suspended sediment associated with high tidal and lateral velocities 
within meander curves in the upper Pamunkey River. They were similar to the classical 
ETM both in concentration of total suspended solids (240-290 mg/1) and in the presence 
of suspended sediment throughout the water column (Figure 9). The non-stratified STMs 
in the York River first developed in early June and were confined to the meandering 
Pamunkey upstream of the 50km station. These STMs were ephemeral both in number 
and location, with only one STM apparent in early June, but with as many as three visible 
in mid- to late-September (Figure 21b, c). Locations varied from 55 km to 85 km 
upstream.
Non-Stratified STM and Seabed Migration -  The seabed beneath each non-stratified STM 
generally showed increasing mud content and porosity over the sampling period (Tables 
4, 5). However, with only two exceptions, 7Be was not present in this region of the 
estuary, indicating the increased resuspension of older sediments. One exception is the 
80 km station on August 26 (Figure 21b). Seabed surface activities and inventories were 
significant, though no stratified STM was present above them. As the ETM had only
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recently moved upstream, it is possible that these sediments reflect a lag time as 
previously described for seabed migration.
The second exception, occurring on September 13 (Figure 21c) is more difficult 
to interpret. Though the ETM had been upstream of 100 km for the prior several weeks, 
and the stratified STM was downstream at 40 km, grain size data and 7Be surface 
activities and inventories indicate net deposition of sediment at 80 km, evidently 
associated with a non-stratified STM. Seabed porosities are not available for these 
samples; however, grain size analysis indicates a change from an average of 95% sand in 
the surface sediments to less than 2% sand during this particular cruise (Tables 4, 5). The 
inventory grain size analysis shows a similar change, from an average of 97% sand to a 
one-time value of less than 12% sand. Field data indicates a thick layer of mud deposited
n
on top of what had previously been a primarily sandy station. In addition, significant Be 
activities were found in both the seabed surface and inventory samples. When the station 
was next sampled, the mud layer, and its significant 7Be activities, were gone.
Reasons for this one-time deposition are not clear. The salinity was too high at 
this station for it to represent classical ETM deposition (4 psu), and yet the stratified STM 
was noted well downstream, at 40 km. Other non-stratified STMs did not show any 
similar 7Be-rich deposition.
Classical ETM Suspended Sediments -  Suspended sediment 7Be activities measured in 
the ETM region would be expected to be similar in 7Be activity in the sediments at the 
surface of the seabed (Biggs, 1970; Dibb and Rice, 1989b; Feng et. al., 1999a). This was 
the case for only one of the four classical ETM suspended samples taken. On May 20,
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the suspended sediment activities reflected the seabed surface activities (1.4+/'0 3 dpm/g 
+/ 1 2vs. 2.7 ' dpm/g, Figure 21a). However, on the next cruise, the suspended sediments 
had significantly lower activities than the seabed surface samples (1.9+/'° 3 dpm/g vs. 
8.0+/16 dpm/g)(Figure 21a). This could be due to the delivery of a large amount of older 
resuspended material from between the ETM and the downstream non-stratified STM 
diluting the ‘newer’ sediment trapped in the ETM. Alternatively, it might reflect the low 
rainfall amounts, and thus low 7Be input, into the system. No significant 234Th was found 
in the ETM suspended sediments (Table 2).
Stratified STM Suspended Sediment -  Suspended sediments for the stratified STM region 
of the river (20-45km upstream) potentially reflected seabed surface activities, as the 
values reported for two of the three samples were similar to seabed surface activities 
(2.5+/'° 3 dpm/g and 4.0+/'° 7 dpm/g suspended sediments vs. average of 2.7+/'° 6 for the 
seabed surface sediments, Table 2). However, due to sampling constraints, 7Be activities 
for the seabed samples directly beneath the suspended samples were not available. On 
the cruise where they were available, the suspended sediment activities were much lower 
than the seabed surface activities below (0.2+/'° 2 dpm/g vs. 1.9+/'03 dpm/g, Figure 21b). 
This might be due to the fact that very little rainfall had occurred in the preceding weeks, 
and little 7Be was available in the water column for suspended sediment scavenging. No 
significant 234Th was found in any of the stratified STM suspended sediments (Table 2).
'■7
Non-Stratified STM Suspended Sediment -  Suspended sediment Be activities for samples 
collected in this zone, in the absence of a discharge event, support the hypothesis that the
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STM sediments in this region were older, resuspended material. Exceptions to this were 
found in suspended sediments with significantly higher 7Be activities than the seabed 
surface sediments below, such as on June 24 and September 23, 30 (Figure 21a, c). 
However, comparison of these days with discharge curves indicate that they all closely 
follow a minor increase in discharge, likely caused by a minor precipitation event 
(Figures 7, 8). Since little rain fell over the course of the sampling, it is plausible that 7Be 
built up in the atmosphere, and there was a large input even with minor amounts of 
precipitation (Dibb, 1989; Baskaren, 1995). Thus, the suspended sediments in the 
erosional region might scavenge 7Be out of the water column rapidly. The fact that this 
enhanced scavenging is not seen in the sediments below implies that the suspended 
material is transported elsewhere and deposited. Due to tidal asymmetries and net 
landward transport in the York River (Lin and Kuo, 2001; Scully and Friedrichs, 2003), it 
is likely the sediment is being transported and deposited upstream at the classical ETM. 
The lag time between water column turbidity and significant bottom sediment deposition 
also could be responsible for our observations.
Significant 234Th was found in one non-stratified STM suspended sediment 
sample, on September 24, at 85km upstream (Figure 21c). 7Be activities are also high 
(3.4+/'0 6 dpm/g) for this station. It is plausible that this sediment was resuspended from 
7Be and 234Th rich bottom sediments noted at the 80 km station on September 13. Due to 
the limitations of sampling, it is not known if other suspended sediments along the 
estuary also have significant 234Th. The reason for 234Th presence upstream of the 
stratified STM is not known.
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Significance o f234Th -  the Stratified STM as a Trapping Mechanism
Detectable 234Th was found in only two of the surface sediment activity samples, 
and in none of the sediment inventory samples, on March 25 and on September 9 (Table 
3). The surface sediment 234Th activity was significantly higher in the September sample 
than in the March sample (4.95+/‘° 3 dpm/g vs. 2.97+/'° 1 dpm/g, respectively, Table 3).
The tidal regime for the earlier sample was not known, but the later sample was collected 
on a flood tide. However, it was found well upstream of the stratified STM, at 80 km
n
(September 9, Figure 21c), along with significant Be in the surface and inventory of the 
seabed sample. Significant 234Th was not found in the suspended sample taken from the 
ETM just upstream of this station on this cruise.
Significant 234Th was found in the suspended sediment sample collected on the 
following cruise (September 23), at a non-stratified STM at 85 km upstream. Th
234activities for this suspended sample were slightly lower than the Th activities noted in 
the surface seabed sample collected on the September 9 cruise (2.6+/'° 1 dpm/g vs. 4.95+/'
o
0 3 dpm/g, Table 3). No deposition is indicated on September 23 at the 85 km station 
either by 7Be or 234Th (Figure 21c).
No water column data exists for the sample collected on March 25, so no 
inferences can be made explaining the presence of 234Th in the surface of station 35. 
However, for the surface sediment sample collected on September 9, and the suspended 
sediment sample collected on September 23, many possibilities arise. Both samples are 
collected on flood tides, when one would expect greater oceanic intrusion, and both 
samples were collected later in the year, when freshwater discharge was minimal. 
Stronger flood tides were noted on earlier cruises but no significant 234Th was found in
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either the suspended or seabed surface sediments (Figure 21a). It is possible that the 
combination of a flood tide and low freshwater discharge later in the year enhanced the 
ability for the weaker flood tides on September 9 and September 24 to transport 234Th 
upstream.
However, circulation and deposition patterns during an ETM/STM system as 
described in Figure 3 suggest that any inputs into the system from higher salinity areas 
will be trapped and deposited downstream of the stratified STM. The 234Th found in the 
seabed surface sediments at 80km on September 9 and in the suspended sediments of 85 
km on September 24 suggest this might not be the case. However, 234Th is not detected 
in either the seabed surface activities or inventories of station 80 two weeks later (Figure 
21c). As 234Th would not have decayed past detection in only 14 days, this indicates that 
the 234Th seabed surface deposition was an ephemeral one at a generally non-stratified 
STM which was temporarily depositional for reasons unknown. The 234Th found in the 
suspended samples of this region the week after it was found in the bottom surface 
sediments just downstream could have come from the resuspension of the 80 km station. 
Thus, the presence upstream of significant Th might be due to other, unknown 
processes, and not simply the failure of the stratified STM downstream to capture all 
234Th brought into the estuarine system. It is possible that 234Th was diluted beyond 
detection in the sediments, or that the input from higher salinity areas was not significant 
enough for detection due to natural processes. Alternatively, this pulse of sediment might 
have come from an external source, possibly transported via erosion from the shoals into 
the York River channel. This study did not address sediment transport from shoals to the 
channel. As such the possible contribution of shoal sediments to the composition of the
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York River channel sediments cannot be quantified. Thus, excess 234Th was not a good 
indicator of oceanic input into the York River system, and the ability of the depositional 
STM to act as a trapping mechanism could not be determined by this study. Other 
parameters, such as C/N ratios or 813C might be more applicable for determining particle 
histories for sediments in this system.
The Stratified STM  vs. the Non-Stratified STMs
If the stratified STM in the lower estuary is depositing new, 7Be rich sediment to 
the seabed, but the non-stratified STMs in the middle estuary do not, then there should be 
a positive correlation between increased suspended material and seabed 7Be activities and 
inventories in the lower estuary STM region, but not in the middle estuary STM region. 
Figure 22 indicates that this is indeed the case. A plot of seabed 7Be activities versus 
TSS for the lower estuary stratified STMs indicates a strong positive correlation with an 
R2 of 0.6% (Figure 22). Seabed inventories are also positively correlated to TSS and the 
stratified STM, but not as strongly (R2 of only 0.22), indicating that the seabed surface 
samples are more responsive to the water column processes. This is expected because the 
inventory values integrate over a longer time period. In contrast, the same plots for the 
non-stratified STMs in the middle estuary indicate no correlation between seabed Be and 
increasing TSS, consistent with no net deposition of new sediment in this region (Figure 
22).
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Surface vs. Inventory Sediment Response Time
As would be expected, sediment surface and inventory isotope activities indicate 
seabed surface sediments respond faster to water column turbidity migrations than do 
underlying sediments. Unfortunately, the sampling regime utilized in the study does not 
permit a detailed estimate of the differing response times. Had every station been 
sampled on a weekly or bi-weekly basis, it would then have been possible to look for lag- 
times in inventory sediment responses compared to surface sediment responses.
However, the difficulties in sampling a region that doubled in size over the study period, 
and technical difficulties which made it impossible to consistently collect samples every 
week, the resulting record is not complete enough to allow a quantitative estimate of 
surface and sediment response times.
However, the data do permit a more qualitative estimate of surface and inventory 
sediment migration times. From May 20th through August 20th, the ETM was within 
sampling range, and migrated steadily upstream (Figure 21a). Between May 20th and 
June 3rd, the ETM migrated upstream from 65 km to 80 km upstream. During that two- 
week period, both the surface and inventory sediments responded to that migration, with 
the result that no significant 7Be was detected at 65 km on June 3rd (Figure 21a). 
Significant 7Be is detected both at 75 and 80 km upstream. However, the surface 
activities at 75 km are much lower than those seen at 80 km (2.3+/'07 dpm/g vs. 8.0+/1 6 
dpm/g, respectively, Figure 21a), and are right at the threshold for instrument detection.
In contrast, the inventory activities at 75 km are equivalent to those detected at 80 km 
(11.5+/16 dpm/cm2 vs. 10.2+/'21 dpm/cm2, respectively)(Figure 21a). These data indicate 
that the surface sediments had migrated upstream in response to the ETM migration
43
within the two week period, but that the inventory sediments were responding on longer 
time scales, and were roughly 5 km behind.
A similar pattern is apparent between August 5th and August 20th. The ETM was 
at 90 km on August 5th (Figure 21b). On August 9th, the biggest precipitation event of the 
sampling period occurred, dumping 10.7 inches to the area over a two-day period (Figure 
8), and resulting in a temporary increase in freshwater discharge (Figure 7). Over the 
next two weeks, vessel malfunctions made it impossible to sample until August 20th. 
Surface and inventory 7Be activities measured from that cruise indicated that the ETM 
had migrated as far downstream as 85 km, though it was currently present at 90 km 
upstream. 7Be activities in the surface sediments at 85 km were very low compared to 
those at 90 km (1.4+/'0 6 dpm/g vs. 15.2+M 3 dpm/g, respectively, Figure 21b), suggesting 
that the most of the recently deposited surface sediments had migrated upstream to the 90 
km ETM: In contrast, the inventory sediment 7Be activities detected at 85 km were 
actually higher than those measured at the 90 km station (9.2+M 8 dpm/cm2 vs. 5.8+/'2 4 
dpm/cm2, Figure 21b). While it is not known how far downstream the ETM migrated in 
response to increased freshwater discharge, it is evident that the sediments responded 
over the two-week period between sampling. The surface sediments appear to have 
migrated twice as quickly as the inventory sediments, on the order of a week vs. two 
weeks for the inventory sediments. Because of the lack of more frequent sampling, a 
more exact estimate of response time cannot be determined.
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Chesapeake Bay 2001 ETM, STM and Seabed Migration
In May of 2001, an ETM with an average concentration of 85 NTU was present at 
stations 3 and 4, approximately 20 km downstream of the head. A weaker STM was 
present at 30 to 40 km downstream, and had an average concentration of approximately 
75 NTU (Figure 14). 7Be data indicate the deepest penetration at stations within these 
two regions: at stations 2 and 3 for the ETM, and 7 through 9 for the STM (Figure 14).
n
While the Be signals were not located directly below the maximum turbidity pulses, they 
were located spatially close to them, possibly reflecting a lag time between movement of 
the turbidity maximum and subsequent migration of the seabed. Grain size data indicate 
minimal sand in the above stations and high water content (Tables 9, 10). The region 
between the ETM and STM is characterized by sandier, less porous sediments, consistent 
with an erosional zone. Farther downstream, stations with significant 7Be were
'1
characterized by less sand and higher porosities than stations without significant Be. 
These stations may indicate locations of local deposition by other unknown processes.
By July of 2001, the ETM had migrated downstream, possibly as a result of 
increased freshwater discharge, and was centered near 30km downstream of the head, in 
the region of stations 6 through 8. The concentration of the turbidity maximum was 
weaker than in May, averaging only 55 NTU. No STM was apparent in the July profile 
(Figure 14). Similar to the patterns seen in May 2001, 7Be penetration did not exactly 
mirror the ETM location. 7Be is found at depths at both the 6 and 8 km stations, 
coinciding with the location of the ETM (Figure 14). However, 7Be was not present at 
station 7 where the sediments were much sandier and less porous than at stations 6 and 8. 
These data suggest that deposition, while expected at this ETM station, was not occurring
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(Table 9, 10). 7Be is also found at depth upstream of the ETM at stations 2 and 4, and 
downstream at stations 11.5 and 14. The upstream 7Be signature may reflect a lag time 
between migration of the ETM downstream in response to increased freshwater 
discharge, and associated migration of the seabed sediments. Processes resulting in the 
downstream 7Be signal are unknown.
Unfortunately, the classical ETM migrated up past the furthest upstream station in 
October 2001, so data were not available for it, or for its associated seabed. However, 
this did present an opportunity to look at downstream 7Be deposition that was not 
associated with a weak area of turbidity presumably associated with a STM. Though 7Be 
penetration was significantly weaker in October probably due to a decreased input of 7Be 
from the atmosphere, 7Be is still present in the first 1-2 centimeters of sediment 
downstream of the presumed STM, at stations 2, 4 and 10-14 (Figure 14). At station 4, 
there was a slight change from a more well-mixed water column upstream to a more 
stratified column downstream. Though a significant turbidity pulse was not associated 
with this stratification change in the profile, this could be due to the fact that the profile 
was made during an ebb tide, and the turbulence was insufficient to resuspend a 
noticeable pulse of sediment. The ?Be penetration at station 4 might reflect more long­
term processes. A similar pattern was seen at station 10, where there was another slight 
stratification change, no apparent suspended sediment pulse, and yet 7Be penetration with 
depth (Figure 14). The processes controlling the deposition of 7Be sediment at stations 2, 
and 11-14 are not resolvable over the time scales at which this study operated.
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Chesapeake Bay 2002 ETM, STM and Seabed Migration
With few exceptions, data from 2002 demonstrate similar patterns of ETM/STM 
location, and 7Be penetration as data from 2001. Both an ETM and an STM were present 
in May of 2002, with the ETM centered around 30 km from the head (stations 4 through
8.5) and the STM located further downstream, 40 km from the head (stations 9.5 through
11.5). The ETM was significantly more concentrated than the STM, averaging over 50 
NTU, with the STM averaging a more modest 35 NTU (Figure 15). However, significant 
Be was not associated with the ETM on this cruise, and was present only in the surface
n
sediments of station 5. A better correlation between water column turbidity and Be 
deposition was found in the STM region, with significant 7Be found in both the surface 
and inventory samples of stations 9.5, 10, 11 and in the surface sediments of 11.5 (Figure 
15). Similar to 2001, significant 7Be was located downstream of the turbidity maxima, at 
stations 12 and 13, possibly reflecting a lag time in seabed migration, or reflecting 
processes controlling deposition that were not resolvable at the scale of this study.
Data from July 2002 indicated that the main ETM had migrated upstream, and 
was located approximately 20 km from the head, near stations 3-5. In addition, a STM 
was present at 35km downstream, near stations 9 through 11.5 (Figure 15). Similar to 
May 2002, the ETM was only associated with significant 7Be deposition at one station -  
in the surface sediments of station 5. The STM shows much better correlation with 
seabed 7Be, as it was present both in the surface sediment and in the inventory at stations 
9, 9.5 and 10. Much like in 2001, significant 7Be is found downstream of both turbidity 
maxima, at stations 11.5 and 13 (Figure 15). The activities and inventories of station 
11.5 and the surface activities of station 13 are low compared to the other stations, which
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might indicate that these stations reflect a lag-time in seabed migration upstream with the 
ETM or STM. The lack of significant 7Be associated with the May 2002 ETM might also 
reflect this lag time, with 7Be rich sediments left downstream (or upstream) very recently, 
and only minimal deposition having occurred at the ETM ’s present location at the time of 
sample collection. Specific activities of 7Be in the surface sediments were highest at 
station 5 compared to all other July stations, supporting this idea of recent deposition.
By October 2002, the classical ETM had again migrated further upstream than the 
study could follow. Overall, specific activities and seabed inventories were much lower 
than in May or July, likely reflecting a lower 7Be deposition from the atmosphere. 
However, similar to 2001, October data from 2002 indicate deposition of 7Be without 
direct correlation with water column turbidity (Figure 15). 7Be was found in the surface 
sediments of the 11.5 station, and in the surface and inventories of station 10. A weak 
stratification change was apparent at station 10, and despite no suspended sediment pulse 
being apparent on the weak ebb tide that was surveyed, the 7Be in the surface and 
inventory of station 10 might suggest more long-term deposition associated with 
resuspension than is apparent from the profile, similar to station 4 activities and 
inventories during October 2001 (Figure 15).
In general, the Chesapeake Bay data emphasize the importance of both the 
classical ETM and the stratified STM in trapping new sediment. In May and June 2001, 
7Be in the seabed was associated with the classical ETM, whereas in May and October 
2001, and in all the cruises in 2002, it was found downstream from the classical ETM, 
likely in association with dynamic STMs.
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Chesapeake Bay Suspended Sediments
Suspended sediments collected from the ETM region in 2002 show a correlation 
between sediment grain size and specific 7Be activity (Table 7, Figure 16). In May, the 
ebb tide was stronger than the flood tide, and the suspended sediments collected were 
more poorly sorted and had much higher specific 7Be activities than suspended sediments 
collected on the flood tide. An association between sorting and activity was also 
apparent in July, when the stronger flood tide suspended sediment sample was more 
poorly sorted, and had higher specific activities than the ebb tide suspended sediment 
sample (Table 7, Figure 16). It is plausible that the weaker tidal samples indicate the 
background suspended sediment size and activities in an ETM. Both the weak May flood 
tide sample and the weak July ebb tide sample were dominated by 8 phi or finer grain
7 7sizes, and had similar Be specific activities. The July sample had a slightly weaker Be 
activity, likely due to a lessening of 7Be atmospheric deposition by the cessation of 
stratospheric/tropospheric mixing. In contrast, the stronger May ebb tide sample and July 
flood tide sample were both poorly sorted and silt-dominated, with much higher Be 
specific activities. These data are very similar to those reported for surface grain sizes 
and specific seabed 7Be surface activities for stations near the ETM (station 5 in both 
May and July, Table 7, Figure 16). This suggests that the stronger tidal samples are more 
indicative of the sediment being resuspended at any one time within the ETM of the 
Chesapeake Bay.
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York River and Chesapeake Bay Comparison and Implications
While the scale of study for the York River and the upper Chesapeake Bay were 
very different, similar patterns emerge from both systems. The York River study, though 
not conducted on a time scale to permit a more complete analysis of all its processes, 
allowed a partial time-series evaluation, whereas the six cruises conducted over 2001 and 
2002 in the upper Chesapeake Bay provide more of a snapshot of processes at seasonal 
time steps. By looking at the overall dynamics of the York River, it is possible to 
recognize the potential for similar processes to occur in the upper Chesapeake Bay.
From the York River data, it is clear that 7Be is associated with depositional zones 
which are in turn associated with both the primary ETM, at the brackish-freshwater 
interface, and at stratified STMs associated with along-channel increases in stratification. 
Not every pulse in turbidity was associated with a corresponding deposition of recent,
7Be rich sediment; rather, the source of the sediments making up the pools feeding each 
ETM is a determining factor in the presence or absence of 7Be. The turbidity maxima 
were much more dynamic than the upper few centimeters of the seabed, moving 
kilometers upstream and downstream in a number of days. As such, there was a definite 
lag time between water column turbidity migration and seabed migration, with the result 
that suspended sediments did not always reflect the surface sediment activities beneath 
them.
Samples from the upper Chesapeake Bay approximately reflected these lag times. 
In neither 2001 nor 2002 were significant 7Be deposits spatially associated exactly with 
water column turbidity measurements. These data suggest a lag time in upper
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Chesapeake Bay seabed response to ETM/STM migration, similar to that seen in the 
York River. While the Chesapeake Bay suspended sediment specific 7Be activities were 
similar to surface sediment activities in the ETM, York River data indicate that 
suspended sediments respond faster to ETM/STM migration than do bottom sediments, 
and thus the Chesapeake Bay suspended sediments are reflecting the changing nature of 
the seabed sediments beneath them.
Despite classification as microtidal systems, the data from this study indicates that 
processes controlling sediment resuspension, migration and deposition in the York River 
and upper Chesapeake Bay are strongly affected by the tides. The implications for other 
micro-tidal systems are immense. Rather than look at a tidal range to determine the 
effect tides may have on processes operating in an estuarine system, researchers might be 
better off looking at the strength of tidal currents and the impact of the tidal currents on 
the processes. In addition, comparing the relative energy of wave and tidal energies in a 
system might be more indicative of the processes dominating a system than examining 
tides alone.
v
Furthermore, the idea of sediment being carried to an ETM and deposited there 
permanently is misleading. This study has indicated in two systems that the highly 
dynamic nature of ETM and STM formation and migration and the dynamic response of 
the seabed to the above processes. No longer can simple gravitational circulation towards 
a single classical ETM be considered the primary driving mechanism behind sediment 
transport and deposition. Systems such as the York River and the upper Chesapeake Bay 
are highly dynamic, and care must be taken to recognize this and quantify it when dealing
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with the transport of particles similar to suspended sediment, such as plankton, fish 
larvae, or sediment-borne contaminants.
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CONCLUSIONS
1. During the spring, summer and early fall of 2001, the York River estuary
o
exhibited three types of estuarine turbidity maxima: A. a classical ETM at the 
freshwater/saltwater interface; B. a stratified STM associated with along-channel 
changes in salinity stratification, bottom constriction and easily erodable 
sediment; and C. a series of non-stratified STMs associated with bottom 
constriction in the meanders of the Pamunkey River. The primary ETM moved 
upstream from 65km from the mouth to further than 100 km from the mouth over 
the course of the unusually dry sampling period. The stratified STM generally 
stayed around 40 km, but moved as far upstream as 45km from the mouth, and as 
far downstream as 20 km from the mouth. The first non-stratified STM 
developed at 65 km upstream in mid-June. Two STMs were apparent in mid- 
July, and by August, three STMs were present in the upper reaches of the 
Pamunkey River. The non-stratified STMs varied in location between 60 and 85 
km.
<7
2. Be surface sediment activities and seabed inventories indicate net deposition of 
7Be-rich sediments associated with the ETM and the stratified STM in the lower 
estuary. Only once was net deposition associated with a non-stratified STM in the 
middle estuary. In general, surface activities (top 1 cm) were higher than overall 
seabed inventories (top 5 cm). However, there was a lag time between ETM/STM 
migration and corresponding migration of the seabed, and surface sediments 
tended to respond faster than inventory sediments.
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3. Suspended sediments did not always reflect the activity of the seabed surface 
sediments beneath them. On average, suspended sediments were similar to the 
surface sediments below when sampled at or downstream of the STM. However, 
suspended sediments sampled at the ETM tended to be lower in activity than the 
sediments below, likely due to dilution of the 7Be-rich ETM sediments by the 
resuspension of older, vBe-depleted sediments brought upstream via gravitational 
circulation. In contrast, suspended sediments sampled after a rain event had 
significantly higher activities than the seabed surface sediments below, reflecting 
their ability to adsorb 7Be from the water column.
4. Shallow depositional zones associated with the ETM and the stratified STM 
migrate longitudinally along the York River channel on times scales of days to 
weeks. Surface sediments respond faster than inventory sediments, and better 
reflect the nature of the suspended material making up the York River suspended 
load.
5. The Chesapeake Bay ETM varied in location from 20km from the head in May, to 
approximately 30km from the head in July and October. Turbidity was greatest in 
May, and decreased in each of the following cruises. Like the York, the upper 
Chesapeake Bay was often characterized by both an ETM and a STM. Overall, 
turbidity was significantly lower than that reported for the York River.
6. Depositional areas associated with the Chesapeake Bay ETM and STM were 
indicated by the presence of 7Be in seabed surface and inventory samples. While 
significant 7Be was not restricted only to regions just downstream of the turbidity 
maximum, it was confined to regions near it.
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7. In partially mixed estuaries in general, the migratory nature of turbidity maxima 
and their associated depositional zones complicates the simple pattern of estuarine 
circulation and deposition as described by previous researchers. When 
delineating the depositional regions of an estuary, it is important to note the 
migratory nature of the system in question.
8. This study has important implications for the transfer of fine sediment and 
associated organic material and contaminants. In systems of high mixing and low 
accumulation, sediments and associated material deposited in an estuary may not 
be removed from a system, and may instead be resuspended and re-circulated 
throughout the system. Care must be taken not to neglect the short-term dynamics 
of a system when making assumptions about the long-term transport and 
deposition of particles.
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APPENDIX 1 -  FILTRATION METHODOLOGY
Collection of suspended sediments both in the York River and in the Chesapeake 
Bay was achieved with a unique sampling strategy. Three GeoTech acrylic in-line, 
gravity-driven, 142mm filter housings were set-up in parallel for filtration of suspended 
sediments. A submersible pump supplied estuary water to a regular garden hose, which 
was split into three ways via adjustable separators. The three separate connections were 
connected to the filters via clear vinyl tubing. The adjustable separators made it possible 
to shut off the water flow to an individual housing to facilitate changing of the filter. 
Filtered water was funneled out of the bottom of each housing via more vinyl tubing, and 
was collected in one main bucket to provide a rough estimate of the total volume filtered.
Suspended sediment was collected on Millipore polymembrane 140mm filters. 
Water was allowed to flow through the housing until the filter clogged, which took 
anywhere from 2 to 10 minutes, depending on the concentration of suspended solids. 
Once a filter was clogged, water was shut-off to the housing, and the filter was carefully 
removed with forceps and sealed inside an aluminum foil envelope. Foil envelopes were 
stored in zip-lock bags and kept on ice until ready for laboratory analysis. An average of 
35 to 45 filters was required to collect sufficient suspended sediment for analysis.
Once in the laboratory, filters were removed from the foil, and were sonicated in 
dionized water to facilitate removal of the sediment from the surface of the filter. A DI 
water flush and manual manipulation was generally required to loosen all of the sediment 
from a filter. The beakers of DI water and retrieved sediment were allowed to settle, and 
the excess water was decanted off. The samples were then dried, pulverized, and 7Be 
activities and excess 234Th activities were determined by gamma spectrometry using an
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intrinsic germanium well detector for at least 24 hours to ensure a full reading of the 
activities. Activities were normalized to sediment concentrations to reduce the effects of 
higher sediment concentrations appearing to have higher activities.
Once potential problem was that sediment adherence to the filter. To test whether 
or not this was a factor, filters were weighed before being used in the field. After the 
sample had been sonicated off, the filters were then dried and re-weighed. Table A1 
provides a list of 32 filter pre- and post-sonication weights. From these data, an average 
weight of sediment trapped on the filter was 0.0076 grams, or less than 1% of the total 
average sample weight. Thus, sediment adherence was not a concern for this 
methodology.
This collection scheme was relatively inexpensive and easy to use. It could be 
easily modified to allow for measurement of the exact flow into each housing, and thus 
collected on each filter. Further refining of the technique is necessary, but overall it 
provides a simply, inexpensive means of sediment analysis.
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APPENDIX 2 -  WELL DETECTOR SELF ATTENUATION
Attenuation in an intrinsic germanium well detector was determined by 
comparing a uranyl nitrate solution of known volume to a sample spiked with the same 
solution. The activity of the uranyl nitrate spike was counted for 600 seconds at several 
known geometries. After initial counting for 24 hours, the pore spaces in the sediment 
sample were then carefully filled with umayl solution. A wire pick was used to gently 
move the sediment around in the tube, and disposable plastic 2ml pipettes were used to 
infuse the sample with the solution. Care was taken not to spill any sample out of the 
vial, and not to overfill the sample. It was essential that only the pore spaces be filled 
with fluid, so that the overall geometry of the sample did not change.
The spiked sample was then re-run for 600 seconds to get an attenuated count 
rate. The activity of the spiked sample was compared with the activity of the pure spike 
of the same geometry. Because the spiked samples contained a lower volume of uranyl 
nitrate than the pure spike, the difference in volume was subtracted from the activity of 
the pure spike so as not to bias the self-attenuation factor towards attenuation.
Self-attenuation has not previously been considered to be an important concern in 
activities measured by a well detector. However, data from these experiments indicates 
that this is not the case. Signal attenuation results ranged from 15% to 51%, with an 
average of 23% for the York River and Chesapeake Bay suspended sediments studied. 
Attenuation was less of a problem for smaller samples (i.e., those that were less than 3.5 
centimeters in height) than for fuller samples. For samples 4 cm in height, the average 
attenuation was 33%. For samples 3.5 centimeters or smaller, the average was 24%.
58
Attenuation dropped to 0% for samples 2cm high or smaller. Since it is generally 
desirable to obtain a large sample for radioisotope analysis, it is apparent from these data 
that self-attenuation is a factor in well-detector activity determination, and should not be 
neglected.
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Figure 1:
Nichols and Biggs (1985) conveyor belt model of estuarine circulation. Riverine and 
oceanic sediments converge at the estuarine turbidity maximum and are deposited. 
Downstream the seabed is characterized by high rates of resuspension and upstream 
transport due to gravitational circulation working in concert with tidal action.
67

Figure 2:
Location of the York River classical ETM and stratified STM zones. Numbers in 
parenthesis indicate distance in km upriver of the York River mouth. ETM and STM 
zones are indicated by shading (from Lin and Kuo, 2001).

Figure 3:
Conceptual model of York River circulation during ETM only conditions (upper panel) 
and ETM/STM conditions (lower panel). Depositional areas are plotted as brown ovals, 
and erosional areas as yellow ovals. During ETM conditions, riverine and oceanic 
sediment is trapped at the nose of the ETM with an erosional area downstream. During 
ETM/STM conditions, deposition occurs downstream of both the classical ETM, and the 
lower estuary stratified STM.
69
/V ^\
y
Figure 4:
Location of the York River, and upper Chesapeake Bay sampling sites. The York River 
is highlighted in blue, and the Chesapeake Bay is shaded in grey. The blow-up of the 
York River includes the location of all sampling stations during the 2001 study.
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Figure 5:
Location map of the upper Chesapeake Bay sampling sites.
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Figure 6:
Day-averaged salinity data for the York River. Specific cruise dates are plotted as short 
black lines. For both plots, distance from the mouth is plotted in kilometers on the Y- 
axis, and the date of the cruise is depicted on the X-axis. Depth averaged salinity in parts 
per thousand is depicted by shading in the upper panel (Plot A), with red indicating the 
most saline water. Bottom-surface salinity as in indicator of stratification is depicted in 
the lower panel (Plot B), with red shading indicating the greatest difference. The greater 
the difference in bottom-surface salinity, the greater the water column stratification. 
Terms are defined in text.
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Figure 7:
Freshwater discharge for the Pamunkey River as a proxy of York River discharge. 
Increases in discharge are highlighted by red vertical lines, with approximate dates. Data 
from USGS website http://waterdata.usgs.gov/nwis/sw.
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Figure 8:
Daily precipitation over the York River region as measured at Gloucester Point. Rainfall 
events associated with increases in discharges are highlighted by red vertical lines.
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Figure 9:
Day-averaged total suspended solids in log gram/liter one meter below the surface (top 
panel A) and one meter above the bottom (bottom panel B). Distance from the mouth is 
plotted in kilometers on the Y-axis, and the date of the cruise is depicted on the X-axis 
for both panels. Specific cruise dates are plotted as short black lines. ETM suspended 
solids are indicated by solid circles, stratified STM suspended solids are indicated by 
dashed circles, and non-stratified STM suspended solids are indicated by dotted circles. 
Terms are defined in text.
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Figure 10:
7 1Be sediment isotope activities (dpm g‘ ) vs. location in the York River estuary. Sample 
locations are plotted on the X-axis; each subsequent data point at a station was collected 
at a later time. Activities at or below the horizontal red line on each plot can generally be 
below minimum detectable limit.
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Figure 11:
Replicates of York River channel sediments at four locations: 70, 50, 40 and 30 km
7 1 9stations. Be activity for surface (dpm g' ) and inventory (dpm cm' ) samples are plotted 
on the Y-axis, and sample location and number is plotted on the X-axis. Replicates were 
taken while drifting on anchor at each station. Variations in specific 7Be surface 
activities and inventories for each station are within statistical error.
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Figure 12:
Ternary plots of York River bottom sediment grain-size. Samples collected from May 
through early August are highlighted as early samples; samples collected in September 
and October are highlighted as late samples. With few exceptions, all three regions of the 
estuary change from silt and clay dominated sediments to more sand dominated 
sediments over the sampling period.
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Figure 13:
York River porosity. Graphs are plotted for the lower, middle and upper estuary. Sample 
locations are plotted on the X-axis; each subsequent data point at a station was collected 
at a later time. With few exceptions, porosity in the lower estuary remained consistently 
high. Porosity in the middle and upper estuary varied over the sampling period.
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Figure 14:
Water column profiles and 7Be penetration for the 2001 upper Chesapeake Bay cruises. 
Turbidity is plotted in NTUs (see scale). 7Be penetration is represented by 1cm bar 
intervals from a standard surface (red line). Distances are in kilometers downstream from 
the head of the Susquehanna. All stations numbered were sampled. Modified from data 
provided from North and Sanford.
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Figure 15:
Water column profiles and 7Be presence for the 2002 upper Chesapeake Bay cruises. 
Turbidity is plotted as NTUs (see scale). From station 8 through station 12, additional 
stations were added in-between existing stations. Due to weather and sampling 
constraints, not every channel station was sampled on every cruise, particularly in the 
lower river. Modified from data provided by North and Sanford.
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Figure 16:
Chesapeake Bay suspended sediment fractional grain size vs. phi size. Samples collected 
during the weakest tides (May Flood and July Ebb) had the highest degree of sorting. 
Samples collected during the strongest tides (May Ebb and July Flood) had a much lower 
degree of sorting. Specific Me values are reported in the text.
82
CO
CD
k. Q_o
Q. E
Q. CO
3 CO
k. 4-»
o £<+-
NO0s IH
*-* ■D
JC CD
.O) CO
[a> ■o
5 CD■D
CO £
£ 0)
O Q.■ MB■4-* CO
o 3
CO*_ CO■M
LL >
CO
CO GO
> 0)
0 )
N CO
CO CDQ.mwmm CO
SZ CO
CL 0 )
£
O
LL LL
0>
00
CD a>
N
LO CO
co
CNJ
%  IM BieM  IBUOUOBJJ
Figure 17:
Plots of upper Chesapeake Bay grain size distribution data from 2001. Surface samples 
represent the upper 1 cm of sediment. Inventory samples represent an average of the top 
five centimeters of sediment (when available).
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Figure 18:
Plots of upper Chesapeake Bay grain size distribution data from 2002. Surface samples 
represent the upper 1 cm of sediment. Inventory samples represent an average of the top 
five centimeters of sediment (when available).
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Figure 19:
Chesapeake Bay 2001 porosity plots. Station location is shown on the X-axis, and 
increasing porosity is shown on the Y-axis. Surface porosity is depicted by filled circles, 
and inventory porosity is depicted by open circles.
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Figure 20:
Chesapeake Bay 2002 porosity plots. Station location is shown on the X-axis, and 
increasing porosity is shown on the Y-axis. Surface porosity is depicted by filled circles, 
and inventory porosity is depicted by open circles.
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Figure 21a-c:
n
Profiles of ETM/STM location in the York River estuary, Be suspended activities and 
seabed surface activities and inventories. Distance in km is plotted on the Y-axis, and the
n
cruise(s) used to collect the physical and bottom data are printed on the X-axis. Be 
surface activity (dpm/g) and inventories (dpm/cm3) are plotted as green text, first and 
last, respectively. Orange stars and values indicate location and Be activity of
'j'y a
suspended sediments. Blue text indicates Th activity Black zeros indicate 
insignificant 7Be in either the surface or inventory sediments. Red lines indicate the 
position of the ETM, blue lines the stratified STM and purple lines the non-stratified 
STM(s). If more than one cruise is combined to make a profile, any variation in ETM or 
STM location will be plotted as a second labeled line.
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Figure 22:
Plots of bottom sediment surface activities and seabed inventories vs. TSS in the lower 
(upper panel) and the middle (lower panel) York River estuary. In the lower estuary, 7Be 
seabed activities and inventories increasing with increasing TSS. No correlation is 
apparent in the middle York River estuary.
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Table 1:
Dates and descriptions of York River cruises. Suspended sediment sampling stations and 
water column dynamics are specified where applicable.
89
Cruise Date Cruise Number Physical Geological Suspended Sediment 
Location (km)
Water Column 
Dynamics
25-Mar 77 X
20-May 133 X
21-May 134 X
27-May 141 X 70 ETM
3-Jun 155 X 80 ETM
4-Jun 156 X
7-Jun 169 X 65 non-stratified STM
8-Jun 170 X 30 stratified STM
24-Jun 176 X 85 non-stratified STM
28-Jun 180 X
22-Jul 204 X
29-Jul 211 X
30-Jul 212 X 90 ETM
5-Aug 217 X 45 stratified STM
6-Aug 218 X
20-Aug 232 X 75 non-stratified STM
23-Aug 235 X
26-Aug 238 X
30-Aug 242 X 30 stratified STM
3-Sep 247 X
9-Sep 253 X 100 downstream of ETM
10-Sep 254 X
13-Sep 257 X
17-Sep 261 X
20-Sep 264 X
23-Sep 267 X 85 non-stratified STM
24-Sep 268 X 50 non-stratified STM
27-Sep 271 X
30-Sep 274 X 70 non-stratified STM
4-Oct 278 X
Table 1: Dates and descriptions of York River cruises. Suspended sediment sampling locations 
and water column dynamics are specified where applicable.
Table 2:
York River suspended sediment isotope activities (dpm/g)
90
Cruise Date Sample 
Weight (g)
Station 
Location (km)
7Be 
dpm g 1
error
(stdev)
234Th 
dpm g 1
error
(stdev)
27-May 7.56 70 1.4 0.2 0.5 0.0
3-Jun 5.32 80 1.9 0.3 0.3 0.0
7-Jun 7.05 30 2.5 0.3 1.1 0.1
8-Jun 9.62 65 1.4 0.1 0.4 0.0
24-Jun 9.2 85 2.8 0.4 0.4 0.1
30-Jul 3.41 90 3.3 0.6 0.6 0.0
5-Aug 2.73 45 0.2 0.1 0.7 0.1
20-Aug 5.76 75 1.6 0.3 1.0 0.0
30-Aug 6.65 30 4.0 0.7 1.5 0.2
9-Sep 8.33 100 1.0 0.2 0.4 0.1
23-Sep 3.93 50 1.9 0.7 1.8 0.2
24-Sep 6.51 85 3.4 0.6 2.6 0.1
30-Sep 5.86 70 6.4 1.0 0.8 0.0
Table 3:
2 7York River bottom sediment isotope activities (dpm/g) and inventories (dpm/cm ) for Be 
and 234Th. Significant values based on count data are highlighted. Surface samples refer 
to 0-1 cm samples. Inventory samples refer to 0-5 cm samples.
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Table 4:
York River grain-size distribution. Surface sediments refer to 0-1 cm samples. Inventory
sediments refer to 0-5 cm samples.
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Cruise Datej Location Surface Sediment Inventory Sediment
(km from mouth' %  sand %  silt %clay % sand % silt %clay
25-Mar 25 1.6 64.3 34.0 0.3 61.7 38.0
25-Mar 30 8.1 59.5 32.4 5.4 60.5 34.1
25-Mar 35 3.2 61.7 35.1 1.2 63.6 35.2
25-Mar 40 6.9 58.3 34.7 3.9 58.5 37.6
25-Mar 45 8.1 58.4 33.6 4.7 60.3 34.9
25-Mar 50 5.6 57.5 36.8 3.5 59.0 37.5
25-Mar 55 70.0 13.3 16.8 77.2 14.7 8.1
25-Mar 60 68.2 20.0 11.7 66.1 21.2 12.7
25-Mar 65 46.8 32.0 21.2 10.4 52.6 37.0
25-Mar 70 53.7 28.0 18.3 72.9 17.3 9.8
21-May 30 6.4 60.4 33.3 9.0 59.5 31.5
21-May 35 6.9 59.4 33.6 5.4 59.9 34.7
21-May 40 7.6 60.8 31.5 13.0 55.1 31.9
21-May 45 4.4 61.0 34.6 6.8 57.7 35.5
21-May 55 78.4 14.1 7.5 86.6 8.5 4.9
21-May 65 46.2 32.5 21.3 12.8 50.4 36.8
4-Jun 40 7.9 58.3 33.7 4.9 57.5 37.6
4-Jun 50 6.3 57.8 35.8 5.5 57.9 36.6
4-Jun 70 40.3 34.5 25.2 44.8 34.4 20.8
4-Jun 75 5.2 55.9 38.8 4.2 56.8 38.9
4-Jun 80 13.3 52.5 34.1 5.8 56.4 37.8
28-Jun 25 1.3 63.0 35.8 1.3 61.7 37.0
28-Jun 45 0.8 59.2 40.0 3.2 55.8 41.0
28-Jun 65 42.2 34.5 23.3 34.0 40.4 25.7
28-Jun 80 92.6 7.4 0.0 95.3 3.1 1.6
22-Jul 25 0.0 64.9 35.1 2.4 61.2 36.3
22-Jul 50 41.5 34.4 24.1 26.4 43.2 30.4
22-Jul 60 70.0 18.0 12.1 0.0 58.9 41.1
22-Jul 80 5.5 55.8 38.7 4.6 55.5 39.9
29-Jul 25 0.0 58.6 41.4 2.4 58.9 38.7
29-Jul 35 1.2 62.3 36.5 1.8 62.0 36.2
29-Jul 45 69.4 18.5 12.2 67.1 10.7 22.2
29-Jul 60 lost lost lost 67.0 19.7 13.2
6-Aug 45 1.4 58.1 40.4 0.7 58.8 40.5
6-Aug 70 bag bag bag _ 89.5 6.6 3.9
6-Aug 90 1.5 57.2 41.3 2.5 56.6 40.9
23-Aug 20 7.4 61.1 31.5 5.9 61.7 32.3
23-Aug 30 4.8 58.0 37.2 3.9 59.5 36.5
23-Aug 40 2.1 59.1 38.8 1.2 58.9 39.9
23-Aug 50 24.3 45.0 30.7 19.9 46.6 33.5
26-Aug 60 bag bag bag 67.0 19.7 13.2
26-Aug 70 95.0 2.8 2.2 95.3 4.7 0.0
26-Aug 80 22.0 46.2 31.8 5.3 54.7 40.0
26-Aug 90 1.8 53.8 44.4 0.7 56.4 43.0
13-Sep 20 7.7 60.2 32.1 4.9 59.0 36.1
13-Sep 30 5.1 56.6 38.3 0.0 59.8 40.2
13-Sep 40 0.0 60.0 40.0 0.9 59.4 39.7
13-Sep 60 bag bag bag 26.2 42.3 31.5
13-Sep 70 91.0 5.3 3.7 92.7 4.4 2.9
13-Sep 80 0.0 58.8 41.2 40.2 35.2 24.6
20-Sep 45 2.4 58.0 39.6 0.2 59.2 40.6
20-Sep 75 55.3 26.5 18.2 81.6 11.1 7.3
20-Sep 85 89.9 5.7 4.4 94.4 3.5 2.1
27-Sep 25 0.7 58.5 40.8 0.0 59.6 40.4
27-Sep 35 69.9 19.0 11.1 67.4 20.0 12.6
27-Sep 45 2.0 60.0 38.0 1.6 59.5 38.9
27-Sep 65 4.5 55.2 40.3 3.8 55.4 40.9
27-Sep 75 9.5 52.5 37.9 3.4 55.9 40.7
27-Sep 85 97.5 1.4 1.1 97.4 1.7 0.9
27-Sep 95 7.7 54.9 37.5 3.5 56.9 39.6
4-Oct 20 1.1 63.8 35.1 1.1 64.2 34.7
4-Oct 30 69.5 19.2 11.2 9.0 56.6 34.4
4-Oct 40 24.3 44.9 30.8 44.6 33.4 22.0
4-Oct 45 81.9 11.0 7.1 79.4 12.4 8.1
4-Oct 50 22.1 46.7 31.2 19.1 49.7 31.2
4-Oct 60 12.4 50.0 37.6 3.4 55.1 41.5
4-Oct 65 74.7 15.0 10.3 52.2 28.3 19.5
4-Oct 70 bag bag bag 91.2 5.4 3.4
4-Oct 75 29.6 37.7 32.7 25.9 44.8 29.4
4-Oct 80 4.7 54.9 40.4 0.9 56.8 42.3
4-Oct 85 94.2 5.8 0.0 99.9 0.1 0.0
4-Oct 90 0.0 78.9 21.1 0.0 48.2 51.8
4-Oct 95 6.5 56.8 36.7 4.1 57.8 38.1
4-Oct 100 76.1 16.0 8.0 86.5 8.7 4.8
Table 5:
York River porosity. Surface samples refer to 0-1 cm samples. Inventory samples refer
to 0-5 cm samples.
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Cruise Date| Location
(km from mouth
Surface
Porosity
Inventory
Porosity
25-Mar 25 0.88 0.87
25-Mar 30 0.87 0.85
25-Mar 35 0.85 0.82
25-Mar 40 0.89 0.89
25-Mar 45 0.88 0.86
25-Mar 50 0.90 0.56
25-Mar 55 0.43 0.88
25-Mar 60 0.48 0.53
25-Mar 65 0.83 0.89
25-Mar 70 0.70 0.51
21-May 30 0.86 0.84
21-May 35 0.87 0.87
21-May 40 0.88 0.86
21-May 45 0.88 0.88
21-May 55 0.73 0.66
21-May 65 0.82 0.86
4-Jun 40 0.88 0.84
4-Jun 50 0.86 0.81
4-Jun 70 0.77 0.74
4-Jun 75 0.91 0.92
4-Jun 80 0.90 0.91
28-Jun 25 0.86 0.84
28-Jun 45 0.89 0.86
28-Jun 65 0.82 0.83
28-Jun 85 0.64 0.56
22-Jul 25 0.92 0.92
22-Jul 50 0.65 0.70
22-Jul 60 0.82 0.83
22-Jul 80 0.88 0.86
29-Jul 25 0.94 0.87
29-Jul 35 0.89 0.87
29-Jul 45 0.73 0.55
29-Jul 60 lost lost
6-Aug 45 0.90 0.89
6-Aug 70 bag 0.50
6-Aug 90 0.92 0.91
23-Aug 20 0.88 0.83
23-Aug 30 0.91 0.85
23-Aug 40 0.92 0.90
23-Aug 50 0.87 0.84
26-Aug 60 bag 0.90
26-Aug 70 lost 0.90
26-Aug 80 lost lost
26-Aug 90 lost lost
13-Sep 20 0.89 0.88
13-Sep 30 0.86 0.85
13-Sep 40 0.88 0.88
13-Sep 60 0.79 0.81
. 13-Sep 70 0.36 0.36
13-Sep 80 0.92 0.82
20-Sep 45 0.91 0.89
20-Sep 85 0.58 0.52
27-Sep 25 0.89 0.88
27-Sep 35 0.66 0.63
27-Sep 45 0.89 0.89
27-Sep 65 0.85 0.86
27-Sep 75 0.90 0.90
27-Sep 85 0.46 0.49
27-Sep 95 0.89 0.90
4-Oct 20 0.85 0.85
4-Oct 30 0.86 0.83
4-Oct 40 0.81 0.74
4-Oct 45 0.53 0.45
4-Oct 50 0.85 0.83
4-Oct 60 0.86 0.85
4-Oct 65 0.67 0.76
4-Oct 70 bag 0.43
4-Oct 75 0.52 0.50
4-Oct 80 0.89 0.88
4-Oct 85 0.42 0.41
4-Oct 90 0.93 0.90
4-Oct 95 0.89 0.90
4-Oct 100 0.79 0.68
Table 6:
Chesapeake Bay station numbers and sample locations. Station locations are in km from 
the head of the estuary.
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Date Station number Station Location
May S1451 LS04B
May S1453 AS05
May S1454 AS06
May S1455 LS07C
May S1458 AS7.5
May S1461 LS13C
May S1462 AS12
May S1465 LS11.5B
May S1466 AS11
May S1467 AS10.5
May S1469 LS8.5B
May S1471 LS09
May S1472 LS9.5
May S1474 LS10B
July S1710 LS04B
July S1712 LS05
July S1713 LS06
July S1716 LS07C
July S1717 LS08
July S1720 LS13C
July S1721 LS12
July S1723 LS11.5B
July S1725 LS11
July S1726 LS10.5
July S1729 LS10B
July S1731 AS9.5
July S1733 AS09
July S1736 LS8.5B
October S2532 AS13C
October S2534 LS12
October S2535 AS11.5B
October S2537 AS11
October S2538 AS10.5
October S2540 LS10B
October S2542 AS9.5
October S2543 AS09
Table 7:
Chesapeake Bay suspended sediment isotope activities (dpm/g). All samples were 
collected approximately 1 m from the bottom, with the exception of the May pycnocline, 
which was collected approximately 4 meters from the bottom. Surface samples refer to 0- 
1 cm samples. Inventory samples refer to 0-5 cm samples. All samples were collected 
within the ETM. Error reported as one standard deviation.
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Sample Sample
Weight
7Be 
dpm g 1
error 234Th 
dpm g 1
error
May Ebb 4.79 11.76 0.97 1.68 0.18
May Flood 2.79 7.78 1.15 0.00 0.00
May Pycno 1.36 9.82 1.30 0.00 0.00
July Ebb 7.27 4.94 0.70 0.00 0.00
July Flood 3.09 10.60 1.16 0.13 0.09
Oct Ebb 7.05 3.62 0.63 1.89 0.04
Oct Flood 7.57 2.22 0.46 n/a n/a
Table 8:
Chesapeake Bay bottom sediment isotope activities (dpm/g) and inventories (dpm/cm ) 
for 7Be in 2002. Surface samples refer to 0-1 cm samples. Inventory samples refer to 0-5 
cm samples. Significant values based on count data are highlighted. No Th values are 
reported.
96
Date Bottom
Sample
Bottom Be 
dpm g 1
error Bottom Be 
dpm cm ~2
error
May-02 1450 7.04 1.05 0.89 1.54
May-02 1451 0.08 0.04 0.62 0.31
May-02 1453 4.05 0.95 0.00 0.00
May-02 1454 0.18 0.22 1.14 0.65
May-02 1455 0.57 0.26 0.43 0.57
May-02 1457 8.60 0.97 16.45 2.14
May-02 1458 0.18 0.L1 0.54 0.43
May-02 1459 0.98 0.23 0.38 0.31
May-02 1460 9.00 0.76 7.93 3.10
May-02 1461 6.00 1 0.17 6.30 2.22
May-02 1462 19.39 1.99 11.69 2.34
May-02 1463 3.18 0.63 7.79 2.43
May-02 1464 2.76 0.72 1.56 1.34
May-02 1465 12.79 1.68 2.03 1.02
May-02 1466 12.49 3.14 39.08 8.81
May-02 1467 1.06 0.96 0 95 1.91
May-02 1468 0.30 0.25 0.71 0.61
May-02 1469 4.64 1.50 1.88 1.88
May-02 1470 8.95 2.16 3.89 2.22
May-02 1471 0.16 0.08 0.68 0.34
May-02 1472 38.09 0.11 55.51 3.35
May-02 1474 46.86 0.21 53.08 10.06
Jul-02 1709 0.08 0.04 0.00 0.00
Jul-02 1710 1.22 0.70 1.54 0.88
Jul-02 1712 23.08 2.34 1.52 1.52
Jul-02 1718 0.00 0.00 15.67 8.60
Jul-02 1719 8.11 2.84 2.33 2.79
Jul-02 1720 0.80 0.93 0.49 1.22
Jul-02 1721 0.53 0.30 1.10 1.47
Jul-02 1722 1.68 0.27 1.64 0.55
Jul-02 1723 7.19 0.92 28.26 2.94
Jul-02 1724 0.98 0.41 1.10 2.21
Jul-02 1725 0.37 0.24 3.63 1.32
Jul-02 1726 15.68 0.57 51,49 7.41
Jul-02 1729 13.78 1.52 44.09 5.85
Jul-02 1730 7.30 2.46 68.01 13.78
Jul-02 1731 19.75 3.72 51.49 7.14
Jul-02 1732 26.98 0.35 57.31 7.92
Jul-02 1733 0.00 0 00 1 93 2.36
Jul-02 1734 0.56 0.56 4.95 1.65
Jul-02 1735 3.66 2.17 29.56 14.03
Jul-02 1737 1.25 0.50 0.70 0.35
Jul-02 1738 0.19 0.11 7.29 6.81
Date Bottom
Sample
Bottom Be 
dpm g 1
error Bottom Be 
dpm cm "2
error
Oct-02 2530 0.07 0.03 0.15 0.12
Oct-02 2531 0.17 0.12 0.55 0.21
Oct-02 2532 0.00 0.00 1.04 0.78
Oct-02 2533 0.04 0.08 0.22 0.18
Oct-02 2534 0.34 0.18 0.58 0.21
Oct-02 2535 0.95 0.62 0.97 1.21
Oct-02 2536 0.68 0.27 1.26 3.02
Oct-02 2537 0.05 0.08 0.41 0.16
Oct-02 2539 2.65 0.32 3.69 1.11
Oct-02 2540 0.25 0.09 1.17 0.39
Oct-02 2541 2.17 0.08 0.30 0.13
Oct-02 2542 0.05 0.05 0.21 0.21
Oct-02 2543 0.00 0.00 0.00 0.00
Table 9:
Chesapeake Bay grain-size distribution for bottom sediments. Surface samples refer to 0- 
1 cm samples. Inventory samples refer to 0-5 cm samples. Station locations are in km 
from the head of the estuary.
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Table 10:
Chesapeake Bay porosity data. Surface samples refer to 0-1 cm samples. Inventory 
samples refer to 0-5 cm samples. Station locations are in km from the head of the 
estuary.
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Date Station Surface
Porosity
Inventory
Porosity
May-02 LS04B 0.89 0.84
May-02 AS05 0.71 0.69
May-02 AS06 0.88 0.87
May-02 LS07C 0.81 0.78
May-02 AS7.5 0.91 0.90
May-02 LS13C 0.72 0.71
May-02 AS12 0.72 0.73
May-02 LS11.5B 0.84 0.85
May-02 AS11 0.90 0.86
May-02 AS10.5 0.76 0.74
May-02 LS8.5B 0.82 0.69
May-02 LS09 0.68 0.63
May-02 LS9.5 0.82 0.71
May-02 LS10B 0.77 0.63
Jul-02 LS04B 0.91 0.91
Jul-02 LS05 0.92 0.91
Jul-02 LS06 0.87 0.86
Jul-02 LS07C 0.85 0.83
Jul-02 LS08 0.75 0.72
Jul-02 LS13C 0.79 0.78
Jul-02 LS12 0.78 0.78
Jul-02 LS11.5B 0.87 0.84
Jul-02 LS11 0.92 0.87
Jul-02 LS10.5 0.82 0.81
Jul-02 LS10B 0.63 0.64
Jul-02 AS9.5 0.80 0.82
Jul-02 AS09 0.79 0.77
Jul-02 LS8.5B 0.69 0.68
Date Station Surface
Porosity
Inventory
Porosity
Oct-02 AS13C 0.78 0.78
Oct-02 LS12 0.80 0.79
Oct-02 AS11.5B 0.81 0.80
Oct-02 AS11 0.83 0.81
Oct-02 AS10.5 0.63 0.68
Oct-02 LS10B 0.51 0.64
Oct-02 AS9.5 0.82 0.81
Oct-02 AS09 0.72 0.73
Table A l:
Pre- and post-filtration filter weights. Post-filtration filter weights were taken after
sonication and drying.
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pre
weight
post
weight
sample 
left on filter
1.0573 1.0640 0.0067
1.0350 1.0611 0.0261
1.0591 1.0600 0.0009
1.0616 1.0717 0.0101
1.0618 1.0686 0.0068
1.0645 1.0675 0.0030
1.0581 1.0743 0.0162
1.0601 1.0623 0.0022
1.0622 1.0651 0.0029
1.0606 1.0686 0.0080
1.0638 1.0711 0.0073
1.0625 1.0650 0.0025
1.0632 1.0653 0.0021
1.0640 1.0731 0.0091
1.0657 1.0791 0.0134
1.0620 1.0783 0.0163
1.0578 1.0710 0.0132
1.0624 1.0699 0.0075
1.0625 1.0785 0.0160
1.0598 1.0654 0.0056
1.0602 1.0612 0.0010
1.0640 1.0699 0.0059
1.0587 1.0712 0.0125
1.0632 1.0684 0.0052
1.0612 1.0654 0.0042
1.0633 1.0651 0.0018
1.0672 1.0705 0.0033
1.0646 1.0688 0.0042
1.0681 1.0692 0.0011
1.0521 1.0634 0.0113
1.0611 1.0716 0.0105
1.0630 1.0681 0.0051
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